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Abstract 
In the design of pile foundations subjected to lateral loading, one of the 
objectives is to restrict the lateral displacements. Improving the soil surrounding the pile 
foundation is an innovative and cost-efficient solution to increase lateral resistance and 
restrict lateral displacements. This technique is, however, not widely used due to lack of 
fundamental understanding of the behavior of pile groups in improved weak soils. Due 
to the dearth of experimental data and lack of thorough understanding of their behavior, 
engineers are forced to design pile groups in improved soft clay in a conservative 
manner to mitigate the uncertainties.  
To increase our understanding of the behavior of pile groups in improved and 
unimproved soft clays subjected to seismic and quasi-static lateral loads, two centrifuge 
models consisting of several pile groups were constructed and tested. The soil profile 
consisted of four lightly overconsolidated clay layers overlying a dense layer of sand. 
The pile groups had a symmetrical layout consisting of 2×2 piles spaced at 3.0 and 7.0 
pile diameters (D). After improving the soft clay in situ using simulated Cement Deep 
Soil Mixing (CDSM), pile foundations were driven into the improved ground. 
Centrifuge tests revealed that CDSM is an effective method to increase the lateral 
resistance of pile foundations. The lateral resistance of the improved pile group at 7D 
spacing increased by 157%. Due to pile-soil-pile interactions, the lateral resistance in 
3D pile group increased by only 112%. In both the improved and unimproved pile 
groups with 3D spacing, the leading row of piles carried larger loads and bending 
moments than the trailing row of piles. No group interaction effects were observed in all 
xxiii 
pile groups with 7D spacing. At very large deflections (about 80 cm), cracks developed 
and tension failure occurred in the CDSM block of the improved 3D pile group.  
The quasi-static lateral load behavior of pile groups were modeled using the 
concept of Beam on Nonlinear Winkler Foundation (BNWF) implemented in the Finite 
Difference computer codes GROUP and LPILE. Using the results of centrifuge tests, 
the computer codes were calibrated and analyses were performed to back-calculate the 
p-multipliers. The results revealed that increasing the clay stiffness and pile spacing in 
the direction of loading increased p-multipliers. The proposed set of p-multipliers for 
the soft clay is very close to the set suggested by FEMA (Federal Emergency 
Management Agency). US Army and AASHTO design guidelines appear to 
recommend relatively conservative values of p-multipliers for both soft and stiff clay 
(improved ground). The parametric study revealed that for CDSM block depths greater 
than 9D, increases in lateral resistance are practically negligible.  
The second centrifuge model was subjected to seven different earthquake events 
with the peak base accelerations ranging from 0.03 to 0.66g. The acceleration amplitude 
of the foundation level motions of the improved pile groups reduced compared to the 
surface free-field motion. This reduction is mainly attributed to the kinematic 
interaction effects. The foundation level motion in the unimproved pile group was, 
however, identical to that in the free-field. Higher peak accelerations were observed in 
the pile cap with smaller CDSM block (GIS) compared to the unimproved pile cap 
(GU) and the pile cap with larger CDSM block (GIL). The period where the maximum 
spectral amplification occurred became smaller as the size of the ground improvement 
increased. Cement-Deep-Soil-Mixing was an effective method in reducing the peak 
xxiv 
displacements of the GIL pile cap. The peak displacements of the GIS pile cap 
remained about the same as the GU pile cap. The cohesion between soft clay and 
CDSM blocks helped to reduce the soft clay settlement in the vicinity of CDSM blocks 
compared to the free-field and in the vicinity of the unimproved pile group. More 
residual excess pore water pressures were, however, generated in the vicinity of CDSM 
blocks compared to the free-field and the corresponding location in the unimproved pile 
group.  
A two dimensional, plain strain, fully coupled, nonlinear, dynamic finite element 
method (FEM), implemented into the computer code TeraDysac, was used to analyze 
the seismic behavior of the pile groups in improved and unimproved soft clay. A 
bounding surface constitutive model was used to model the stress-strain behavior of the 
soft clay and CDSM blocks. A linear elastic model was utilized to model the stress-
strain behavior of dense sand layer. The constitutive models were calibrated using the 
laboratory test results. There was a satisfactory agreement between the measured and 
TeraDysac computed responses. TeraDysac model was able to predict the peak values 
and trends in accelerations, displacements, and excess pore water pressures very well. 
TeraDysac analyses also revealed that stress concentration occurred within the CDSM 
block. The negative EPWP in the CDSM block predicted by TeraDysac was indication 
of the dilative behavior of stiff clay. 
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1. Chapter 1: Introduction 
1.1 Overview 
Pile foundations can be subjected to lateral loading under static (sustained), 
quasi-static (slow load reversals), and dynamic (fast load reversals) conditions. The 
behavior of pile foundations under dynamic loading conditions, especially during 
earthquakes, is the most complex among these. Because of the large investments from 
the petroleum industry in offshore exploration, most of the available analysis and design 
procedures for behavior of pile foundations were developed for quasi-static conditions. 
However, the considerable loss of life and property during large earthquakes has 
motivated funding agencies to invest in research related to seismic behavior of pile 
foundations.  
During past earthquakes, cases of poor performance of pile foundations in weak 
soils (e.g., soft clays and liquefiable sands) as a result of low lateral resistance have 
been observed (Tokimatsu et al. 1996; Tokimatsu et al. 2012). Increasing the lateral 
resistance, to decrease the lateral deflections, is therefore one of the main objectives in 
the design of pile foundations. It is relatively easy to restrict the lateral deflections of 
pile foundations in competent soils. In case of weak soils (e.g. soft clay and liquefiable 
sands), however, large lateral deflections are mitigated by using an increased number of 
more ductile, larger diameter piles that are difficult to design and expensive to 
construct. An innovative, more cost-efficient solution to this problem is to improve the 
soil surrounding the pile foundation.  Ohtsuka et al. (2004) analytically showed that soil 
improvement around a pile group in weak soil can reduce the foundation cost by 28%. 
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For structures undergoing retrofit with existing pile groups in weak soils, improving the 
soils may be the best option to increase the lateral resistance of the foundation.  
Improving the soft clays surrounding pile foundations is of particular interest to 
geotechnical engineers considering the fact that these soils are quite prevalent in many 
parts of the world and piles in soft clays often exhibit low lateral resistance. There are 
several ground improvement techniques for pile foundations in soft clays. Popular 
techniques in geotechnical engineering practice include: (1) replacing surficial layers by 
a compacted granular material; (2) soil mixing to construct shallow soilcrete walls on 
either side of the embedded pile cap; (3) jet grouting underneath the pile cap and around 
the piles; and (4) improving the ground by deep mixing and then driving the piles. 
Studies on the behavior of pile groups in improved and unimproved soft clays are, 
however, very limited. Due to the dearth of experimental data and lack of thorough 
understanding of their behavior, engineers are forced to design pile groups in improved 
soft clay in a conservative manner to mitigate the uncertainties. The literature also 
reveals that the lateral load tests on pile groups in soft clay with more than five pile 
diameter (5D) spacing are rare.  
To improve our understanding of the quasi-static and seismic lateral load 
behavior of pile groups in improved and unimproved soft clay, two series of centrifuge 
model tests were conducted on pile groups. Observations from quasi-static lateral load 
behavior are useful because analytical procedures can be developed based on the quasi-
static response. The quasi-static response can also be considered as a baseline for other 
types of loading conditions. Dynamic centrifuge tests, on the other hand, make it 
possible to observe and characterize the complex behavior of pile groups under seismic 
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excitation. The pile groups tested in this study had a symmetrical plan layout of piles in 
a 2×2 arrangement, and had a center-to-center pile spacing of 3D and 7D; where D is 
outside pile diameter. Limited tests were also performed on single piles in improved and 
unimproved soft clay for comparison purposes. The effects of ground improvement, 
lateral extent of treated zone, pile spacing, the amplitude and frequency content of 
seismic base motions on the behavior of pile groups were studied in detail using the 
centrifuge test results and numerical modeling. 
 
1.2 Dissertation Outline 
The material presented in this dissertation is organized into eight chapters as 
follows: 
 Chapter 2 presents a brief literature review of the current state of knowledge and 
practice in evaluating the quasi-static and seismic lateral load behavior of pile 
groups. A summary of results from available field case histories, physical model 
tests, and numerical models for both quasi-static and dynamic lateral loading is 
provided in this chapter in addition to the areas of uncertainty in previous 
studies. 
 Chapter 3 provides an overview of the fundamentals of dynamic centrifuge 
testing in Geotechnical Earthquake Engineering and its advantages and short-
comings in evaluating the lateral load behavior of pile groups. Details of the 
centrifuge tests carried out in this study are also provided in this chapter. 
 Chapter 4 provides the centrifuge test results of quasi-static loading on six pile 
groups and the comparison with single piles.  
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 Chapter 5 reports the methods used to determine separate sets of p-multipliers 
for each row of the 2 × 2 pile groups as a function of pile spacing and clay 
stiffness. Measured and computed lateral load-deflection, maximum bending 
moment-load, and bending moment-depth responses of the pile groups are 
presented. The computed results were obtained by the finite difference computer 
code GROUP (Reese et al. 2010) using the p-multipliers developed during this 
study. The p-multipliers obtained in this study for stiff clay and soft clay are also 
compared with previously recommended values. GROUP is then utilized to 
study the effects of undrained shear strength of the improved soils and the depth 
of improvement on the lateral resistance of pile groups in small and large 
deflections. 
 Chapter 6 presents the results of seismic centrifuge tests on pile groups. The 
transient acceleration and lateral displacement responses of the structural 
models, their settlement, and the effect of pile groups on the dissipation of 
excess pore water pressure (EPWP) are presented and discussed in detail. 
 Chapter 7 presents the results of two dimensional, plain strain, fully coupled, 
nonlinear, dynamic finite element analyses performed using the computer code 
TeraDysac (Muraleetharan et al. 2003) to study the seismic behavior of the pile 
groups in more detail. Spectral acceleration responses as well as acceleration-
time, displacement-time, and EPWP-time histories in free-field and those for the 
pile groups are computed and compared with the measured values. 
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 Chapter 8 presents main conclusions from this study. This chapter also provides 
recommendations for practicing engineers and discusses future research needs in 





2. Chapter 2: Literature Review 
2.1 Overview 
There is an abundance of research on the behavior of pile foundations under 
sustained, axial, lateral, and uplift loading. These studies have been done at full-scale or 
in model-scale in shaking tables or geotechnical centrifuges. Many computational 
methods have been also used to study pile foundations.  The literature review presented 
here, therefore, is only limited to general behavioral features in quasi-static and 
dynamic lateral loading of pile groups in both improved and unimproved clays.  
 
2.2 Quasi-Static Behavior in Unimproved Ground 
2.2.1 Full-Scale Field Tests 
Several full-scale field tests have been conducted to study the behavior of pile 
groups under lateral loads. Field tests have the advantage of closely modeling the in-situ 
conditions. These include studies of piles in sand (Alizadeh and Davisson 1970; Brown 
et al. 1988; Morrison and Reese 1988; Ruesta and Townsend 1997), clay (Brown et al. 
1987; Lemnitzer et al. 2010; Matlock et al. 1980; Meimon et al. 1986; Rollins et al. 
2006; Rollins et al. 1998), and silt (Brown et al. 2001). The full-scale tests on pile 
groups in clay are briefly described below. 
Matlock et al. (1980) investigated the lateral load behavior of two pile groups in 
very soft clay at a site in Harvey, Louisiana. The first pile group consisted of five piles 
arranged in a circular layout with a center-to-center spacing of 3.4D. The second pile 
group had ten piles arranged in a circular layout with a center-to-center spacing of 1.8D. 
Six series of lateral load tests were performed and surprisingly small variations in shear 
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and bending moment among the piles in each group were observed. Reducing pile 
spacing moderately increased bending moment and the average lateral load per pile. For 
a given lateral load per pile, the lateral deflections also increased with decreased pile 
spacing. Their test results emphasized the highly inelastic response of the soft clay and, 
for such soils, discouraged using concepts of elastic interaction among piles in a group. 
Meimon et al. (1986) performed two experiments on a 2 (rows) × 3 (columns) 
pile group driven into a low plastic clay layer overlying a silty sand layer. The center-
to-center spacing of piles was 3D and pile had hinged end condition. Five cyclic tests 
from 1000 to 10000 cycles were carried out for each experiment. A large group effect 
characterized by different row by row behavior was observed. A soil reaction 
breakdown was observed near the soil surface while the soil reaction increased at lower 
levels.  
Brown et al. (1987) performed cyclic lateral load tests on a group of piles in a 3 
× 3 arrangement with a nominal spacing of 3D on centers and hinged end condition. 
The test was done in a stiff overconsolidated clay site in Houston, Texas. Their results 
emphasized the highly nonlinear nature of the pile-soil-pile interaction and group 
effects. The deflection of a single pile under a load equal to the average load per pile 
was substantially less than that of the piles in the group. The bending moments in the 
piles of the group were larger than bending moments in single piles. They showed that 
the front row pile in a group carries more loads than the piles in the following rows.  
Rollins et al. (1998) performed quasi-static lateral load tests on a 3 × 3 pile 
group driven into a profile consisting of soft to medium-stiff clays and silts underlain by 
sand. The center-to-center spacing of piles was 3D and piles had hinged end condition. 
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Quasi-static tests on a single pile were also conducted for comparison. Their test results 
revealed that under the same average load, the piles in the group deflected over two 
times more than the single pile. For a given deflection, the first row of piles carried the 
maximum loads, followed by the second and third row of piles. Maximum bending 
moments were higher in the group piles than in the single pile.  
Rollins et al. (2006) performed full-scale cyclic lateral load tests on pile groups 
in stiff clay spaced at 3.3D, 4.4D, and 5.65D with as many as five rows of piles. The 
piles had hinged end condition. Their test results revealed that for a given deflection, the 
leading row of piles carried the greatest load, while the second and third row of piles 
carried successively smaller amount of loads. The loads carried by fourth and fifth row 
of piles were almost the same as the third row of piles. Increasing pile spacing from 
3.3D to 5.65D decreased group interaction effects. 
Lemnitzer et al. (2010) performed cyclic lateral load tests on a 3 × 3 RC bored 
pile group to investigate group interaction effects. The piles were driven in clay with 
thin silty sand layers and were spaced at 3D. The piles had a fixed end condition. The 
group efficiency was defined as the average lateral load per pile divided by the lateral 
load on a single pile at the same pile head deflection. Group efficiencies were found to 
range from unity at very small lateral displacements (0.004D) to 0.9 at failure (0.04D), 
illustrating the dependency of group efficiency on the level of nonlinearity in the 
foundation system.   
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2.2.2 Model-Scale Tests 
Full-scale tests have been supplemented by small-scale model testing in a 
geotechnical centrifuge and by models under normal gravity (at 1 g). Most of the 
centrifuge model studies on laterally loaded pile groups were performed in sand 
(McVay et al. 1995; McVay et al. 1998; Remaud et al. 1998).  Small-scale testing of 
pile groups in clays involved  mostly 1 g models (Chandrasekaran et al. 2010; Cox et al. 
1984; Rao et al. 1998) with limited centrifuge studies (Ilyas et al. 2004). The model-
scale tests on pile groups in clay are briefly described below. 
Cox et al. (1984) conducted quasi-static lateral load tests on pile groups in very 
soft clay with undrained shear strength of 2 kPa. The tests were performed at 1 g. The 
piles had a center-to-center spacing ranging from 1.5D to 6D and number of piles in a 
group was 3 or 5. The piles had a fixed end condition.  The average efficiency of three-
pile groups with a spacing of 1.5D was found to be 60% and 80% in the direction of 
loading (in-line) and perpendicular to the direction of loading (side-by-side), 
respectively. Increasing the number of piles in a group or decreasing the spacing 
decreased the efficiency of these pile groups. 
Rao et al. (1998) performed lateral load tests at 1 g on pile groups embedded in 
a marine clayey bed. The center-to-center spacing of piles varied between 3D and 8D 
and the piles were tested for embedment to diameter ratios (L/D) of 20, 30, and 40. The 
pile head conditions could be considered closer to free end condition. Their test results 
indicated that the lateral load capacity of a pile group mainly depends on the rigidity of 
pile-soil system for different arrangements of piles within a group. They verified this 
finding by performing a simplified finite element analysis and pointed out that the 
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differences in passive resistance in different pile arrangements influence the efficiency 
of a pile group. 
Ilyas et al. (2004) performed centrifuge tests to investigate the response of pile 
groups in normally consolidated and overconsolidated kaolin clays subjected to quasi-
static lateral loading. The piles were tightly secured through openings in the pile cap 
using screws. Different pile groups with center-to-center spacings of 3D or 5D were 
tested. Test results revealed that increasing the number of piles in a group significantly 
reduces the pile group efficiency. Shadowing effects caused the leading row of piles to 
experience larger loads and bending moments. The shadowing effects were more 
significant in the leading row of piles than the trailing rows. 
Chandrasekaran et al. (2010) performed quasi-static lateral load tests at 1 g on 
different pile groups. The pile groups were installed in soft clay and had length to 
diameter ratios of 15, 30, and 40 and 3D to 9D spacing. Their results reveled that group 
interaction caused the lateral capacity of a pile in a 3 × 3 pile group with 3D spacing to 
be about 40% less than that of a single pile. Group interaction also increased the 
maximum bending moments of a pile in a group with 3D spacing by 20% compared to 
that of a single pile. 
 
2.2.3 Numerical Models 
There are different methods for predicting the behavior of pile groups under 
lateral loading. Fully coupled, nonlinear, computational methods can be used to model 
pile groups in improved or unimproved ground under lateral loading. While these 
nonlinear analyses can provide useful insights, they are typically time consuming and 
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are not practical in day-to-day design applications. Several researchers and agencies 
have therefore proposed simpler methods to analyze closely-spaced piles under lateral 
loading. 
Poulos (1971) used the theory of elasticity to take into account the effect of a 
pile on other piles of a group. He used a linear elastic model for soil and piles and 
assumed that soil around piles behave as elastic half-space. However, the real soil and 
pile behavior, especially near the ground surface, is elastoplastic and cannot be 
accurately modeled using linear elastic models. 
Focht and Koch (1973) combined the nonlinear p-y model for an isolated single 
pile with elastic continuum model of Poulos (1971) to predict the behavior of laterally 
loaded pile groups. The p-y model was used to predict the nonlinear soil behavior 
occurring close to each pile and elastic model was used for predicting the cumulative 
group deformation occurring farther from the piles. In p-y models, p is the soil reaction 
per unit length of the pile and y is the horizontal relative displacement between the pile 
and the soil. By obtaining the group deflection, the p-y curves of each single pile was 
modified by multiplying them by a y-factor. They also recommended applying a p-
factor in cases where shadowing effects occur. 
Davisson (1970) considered the group effects by selecting an appropriate 
variation of subgrade modulus, “k”, by depth. Group action and cyclic loading can 
cause a reduction in effective subgrade modulus, “keff”. That is, when both of these 
factors are available together, the effective modulus can reduce to 10 percent of that 
applicable to an isolated pile in the first cycle of loading. Provided that the side-by-side 
distance of piles in a group is equal or greater than 2.5D, the keff can be assumed to vary 
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linearly from 1k to 0.25k for the pile spacings from 8D to 3D, respectively. keff values 
were linearly interpolated between these two values for other spacings. These 
observations were deduced based on Prakash (1962) model tests on pile groups in sand. 
The Canadian Geotechnical Society (1978) recommended the same method to analyze 
pile groups under lateral loading. The Japan Road Association (1976) also used the 
subgrade modulus reduction procedure, but was less conservative in computing 
reduction factor for closely spaced pile groups. 
Ooi and Duncan (1994) used the group amplification procedure to estimate 
deflections and maximum bending moments of pile groups. This simple procedure was 
based on the theories of Poulos (1971) and Focht and Koch (1973) and used 
amplification factors to multiply lateral deflections and maximum bending moments of 
single piles. However, like subgrade modulus reduction procedure, this method was not 
able to predict load distribution between piles in a group.  
Brown et al. (1988) used p-multipliers (fm) to modify the p-y curve of a single 
pile and obtain these curves for piles of a group in sand. Single piles were modeled as 
beam elements interacting with surrounding soil through p-y springs. These p-y springs 
can be made nonlinear to account for nonlinear behavior of soils. A p-y curve of a 
single pile can then be “squashed” to account for the reduced soil resistance of a pile in 
a pile group. Figure 2.1 illustrates the concept of using a p-multiplier to squash a single 
pile p-y curve and obtain that for a pile in a group.  Brown et al. (1988) pointed out that 
more research is needed to establish a methodology for predicting the variation of p-












The literature review reveals that due to lack of experimental data, analyzing 
pile groups in soft clay under quasi-static lateral loading still involves uncertainty. 
Lateral load tests on pile groups with center-to-center spacing greater than 5D are rare 
as well. Test results and analyses presented in this dissertation will provide valuable 
insight into the quasi-static lateral load behavior of pile groups in soft clays including 
those with spacing greater than 5D. 
 
2.3 Dynamic Behavior in Unimproved Ground 
Deep foundations can be subjected to lateral loadings under dynamic conditions. 
Dynamic loads can be produced by ocean waves, traffic, machine foundations, and 
earthquakes (Hadjian et al. 1992). The main components to consider in analyzing the 
seismic behavior of pile groups are: 1) kinematic interaction between soil and piles; 2) 
inertial forces imposed by the superstructure; 3) pile-soil-pile interaction; and 4) 








Pile in a group 
ps 
fm × ps 
Figure 2-1. Applying a p-Multiplier (fm) to a Single Pile p-y Curve to 
obtain that for a Pile in a Group. 
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ground motion. These components constitute a complex pile group behavior known as 
Soil-Pile-Structure Interaction (SPSI).  SPSI can be studied under the following main 
categories: analytical and semi-analytical, numerical, and experimental methods. A 
detailed literature review of this subject is beyond the scope of this study and interested 
readers are referred to Finn (2005), Gazetas and Mylonakis (1998), Novak (1991), and 
Pender (1993). A brief review of literature is provided below. 
 
2.3.1 Full-Scale Field Tests 
A few dynamic loading tests have been performed on pile foundations with 
loading applied at the pile head (Blaney and O'Neill 1986; Blaney and O’Neill 1989; 
Burr et al. 1997; El‐Marsafawi et al. 1992; Fleming et al. 2015; Han and Novak 1988; 
Nikolaou et al. 2001; Novak and Grigg 1976). There are also studies on the behavior of 
pile foundations under blast induced liquefaction (Ashford et al. 2000; Ashford et al. 
2004; Weaver et al. 2005). The results from dynamic pile head load tests can be adapted 
to the seismic loading by using response spectra and making assumptions about the 
frequency of significant response. The main drawback of these tests is that dynamic 
loading at top only produces disturbances in the soil adjacent to the pile. Therefore, the 
pore water pressures will only be generated closer to the piles and dissipate faster than 
the case for seismic base (bed rock) shaking. A similar discussion is also applicable to 
the stiffness and strength degradation of the soil.  Furthermore, there will be no 
kinematic interactions between soil and piles in pile head load tests. 
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2.3.2 Model-Scale Tests 
Shaking table tests have been widely used to model SPSI. Large scale shaking 
table tests have the advantage of modeling SPSI with dimensions equal or comparable 
to the prototype scale. These shaking tables make it possible to construct soil profiles, 
compact soils, and easily instrument soil-pile systems (Nakagawa et al. 2000; 
Tokimatsu et al. 2004). However, it is difficult to account for high gravitational stresses 
(associated with deep soil profiles) in shaking table tests and constructing large models 
can be time consuming. Most shaking table tests have studied dynamic SPSI in sand 
during liquefaction or under lateral spreading (Chau et al. 2009; Dobry et al. 2011; Tang 
and Ling 2014; Yasuda et al. 2000). There are a few dynamic shaking table tests for pile 
foundations in clay (Meymand 1998; Meymand et al. 2000).  
Meymand (1998) and Meymand et al. (2000) used a large shaking table to 
perform quasi-static and dynamic lateral load tests on single piles and pile groups in soft 
clay. Experimental p-y curves were successfully derived from quasi-static and dynamic 
tests. These curves compared reasonably with the API (2007) recommended p-y curves. 
Resistance degradation was observed due to hysteresis and gapping, illustrating gapping 
as an important analytical feature to model. The quasi-static lateral load test results were 
also in very good agreement with the results predicted by COM624P (Wang and Reese 
1993). 
Geotechnical centrifuge experiments have been used to investigate the complex 
seismic SPSI. Compared to field experiments, soil profiles can be well defined in 
centrifuge tests. In centrifuge tests, the stress condition at any point of the model and 
also the overall model behavior (e.g. acceleration, displacement, and failure 
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mechanisms) is identical to that in the full-scale prototype. The main drawback of 
model tests is the fact that because different scaling laws apply to different phenomena 
(e.g. dynamics and consolidation), similitude may not be provided simultaneously 
between all parameters. Furthermore, boundary effects are usually present due to the 
model containers used in the tests (Kutter 1995; Zeng and Schofield 1996). Like 
shaking table tests, most studies in geotechnical centrifuges have dealt with the 
behavior of pile foundations in sand during liquefaction or lateral speeding (Abdoun et 
al. 2003; Abdoun et al. 2013; Brandenberg et al. 2005; Brandenberg et al. 2007; 
Brandenberg et al. 2007; González et al. 2009; Sharp et al. 2003; Sharp et al. 2010; 
Taboada-Urtuzuástegui and Dobry 1998; Wilson et al. 2000). Preparing and 
consolidating clay and the long time often required to reach the desired degree of 
consolidation are some of the difficulties in centrifuge modeling of pile foundations in 
clay. Geotechnical centrifuge models studying SPSI in soft clay are rare and there are 
only limited results and observations (Banerjee et al. 2008; Wilson 1998). These two 
studies have been summarized below. 
Wilson (1998) performed dynamic centrifuge tests on single piles and pile 
groups in soft clay and liquefying sand. These tests constituted a solid framework for 
future research and included detailed procedures for signal processing, data reduction, 
and data interpretation of dynamic centrifuge tests on pile foundations. The model 
layout used for seismic tests is shown in Figure 2.2. Wilson (1998) only presented 
single pile test results in detail. The test results in soft clay revealed that the bending 
moments and lateral displacements of piles in soft clay were strongly depended on the 
superstructure acceleration. For the first load cycles, the back-calculated p-y curves in 
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soft clays were in a reasonable agreement with the API (2007) recommended static p-y 
curves.  
Banerjee et al. (2008) carried out dynamic centrifuge tests on 2 × 2 pile-raft 
systems. The piles had a clear spacing of 4.5D and were connected to a rigid steel base 
plate. Their results revealed that the pile-clay system behavior is affected by the 
stiffness degradation of clay during earthquakes, which changes the natural period of 
the pile-clay system. 
The series of centrifuge tests performed in this study, to the author’s knowledge, 
represent the first attempt to well characterize nonlinear dynamic SPSI effects of pile 
groups in soft clay. 
 
2.3.3 Analytical or Semi-Analytical Models 
Analytical or semi-analytical solutions are based on mechanics and give an 
insight into the physical mechanisms involved in SPSI. However, because of the 
considerable difficulties that arise in the exact prediction of the seismic SPSI, 
simplifying assumptions are made to obtain closed-form expressions. Solving the SPSI 
problem for the incidence of SH, SV, or Rayleigh waves or incidence of a combination 
of these waves, considering an elastic homogenous half-space, and accounting for just 
the kinematic interaction component are some of these assumptions made by 
researchers (Dezi et al. 2010; Di Laora et al. 2012; Di Laora et al. 2013; Kaynia and 
Kausel 1991; Kaynia and Novak 1992; Makris 1994; Mylonakis 2001; Saitoh 2005; 
Tajimi 1969). Because of these assumptions, it is often not possible to compare the 
results from analytical solutions with well-documented case histories or physical 
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models. The results from analytical studies; however, can be compared with those 
obtained from numerical models with the same assumptions (Dezi et al. 2010; Elgamal 















2.3.4 Numerical Models 
Different numerical methods [e.g. Finite Element Method (FEM), Boundary 
Element Method (BEM), and Finite Difference Method (FDM)] have also been used to 
study SPSI. Each of these numerical techniques have their own advantages and 
disadvantages. FEM and FDM have proven effective in solving problems with bounded 
domains, particularly when inhomogeneities and nonlinear effects should be treated 
(Anandarajah et al. 1995; Bentley and Naggar 2000; Cai et al. 2000; Jeremić et al. 2009; 
Kirupakaran et al. 2010; Maheshwari et al. 2004; Sadek and Isam 2004; Uzuoka et al. 
2007; Wu and Finn 1997). For domains of infinite extensions, however, standard finite 
element discretization leads to wave reflections at the boundaries of the finite element 
mesh, which can be only partially eliminated for some cases, by using so-called 
transmitting, silent and nonreflecting viscous boundaries. BEM has shown to be a very 
powerful numerical technique for linear and homogeneous materials for both bounded 
and unbounded domains, and does not require domain discretization, which can be an 
advantage in many practical applications (Kaynia 1982; Kaynia and Kausel 1991; 
Maeso et al. 2005; Sen et al. 1985). Since this method automatically satisfies the 
radiation conditions at infinity, there is no need to model the far field in problems with 
semi-infinite or infinite domains. To utilize the advantages of both FEM and BEM, a 
combination of these techniques seems ideal (Küçükarslan and Banerjee 2003; Millán 
and Domínguez 2009; Padrón et al. 2008). These models generally consider both the 
soil volume and the structures in the same model and analyze them in a single step; 
which is so called the direct method (Wolf 1985). However, the discretization of a 
three-dimensional continuum generates a multitude of degrees of freedom, causing 
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these methods to be somewhat impractical for the design of soil-pile-structure (SPS) 
systems. A simpler substructure procedure can also be adopted (Wolf 1985). In this 
method, pile foundation impedances are determined by performing soil-pile interaction 
analyses considering group interaction effects (Emani and Maheshwari 2009). The 
superstructure model is then analyzed using these impedances and input motions 
obtained from free-field. It is assumed that these motions are not affected by pile 
foundation itself. In substructure method the SPS system behavior is obtained by 
assuming linearity and superposition of forces from different substructures. However, 
same results will be obtained, if direct and substructure methods are implemented 
consistently. The Beam on Nonlinear Winkler Foundation (BNWF) model is a powerful 
tool capable of accurate analyzing the soil–pile interaction and has been used by several 
researchers producing results with less computational efforts than rigorous continuum 
models (Boulanger et al. 1999; Dezi et al. 2010; Di Laora et al. 2013; Kavvadas and 
Gazetas 1993; Maiorano et al. 2009; Mylonakis 2001; Mylonakis et al. 1997; Nikolaou 
et al. 2001; Wang et al. 1998). The piles are modeled as beam elements interacting with 
surrounding soil using p-y springs. An ideal p-y spring should consist of different 
components including elastic, plastic, and gap components. Dashpots are usually used 
to model radiation damping. For seismic loadings, the response of the soil profile is 
analyzed separately using equivalent-linear or nonlinear site response programs and is 
applied as displacement-time histories to the p-y elements. Compared to fully coupled 
continuum models, it is easier to perform parametric studies using this method. The 
drawback of this method is that the behavior of beam is uncoupled from the behavior of 
soil, shear transferring between adjacent soil layers is ignored, and the parameters for p-
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y springs are difficult to obtain. In order to obtain reliable results from numerical 
models, they should be calibrated and validated by means of experimental results (Lok 
1999; Makris et al. 1996; Manna and Baidya 2010; Tasiopoulou et al. 2013; Thavaraj et 
al. 2010). 
 
2.4 Piles in Improved Ground 
There are only a few existing experimental studies or case histories that have 
focused on the quasi-static or dynamic lateral loading behavior of pile groups in 
improved weak soils. 
Fleming et al. (2015) performed full-scale tests to investigate the dynamic and 
quasi-static lateral load behavior of single piles in unimproved and CDSM improved 
soft clay. The tests were performed at a site in Miami, Oklahoma. The site consisted of 
a 4.4 m layer of soft clay overlying a 2.0 m layer of sandy gravel and limestone bedrock 
(Taghavi et al. 2010). A 3D rendering of their test configuration is shown in Figure 2-3. 
 
Figure 2-3. (a) Soil Profile and Test Configuration and (b) Full-Scale Testing 
Set-up of the Improved Pile (Fleming et al. 2015) 
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Their test results revealed that, compared to the unimproved pile, the lateral 
strength, effective elastic stiffness, and average equivalent damping ratio of the 
improved pile increased by 42%, 600%, and 650%, respectively. At a head 
displacement of 0.1 m, the improved pile reached its lateral capacity. At this point, the 
critical region at the base of the pile above the improved ground experienced buckling 
and subsequent fracture due to low cycle fatigue. 
Rollins and Brown (2011), Rollins et al. (2010), and Rollins and Sparks (2002) 
performed full-scale quasi-static lateral load tests to evaluate the performance of pile 
groups in improved ground. The ground improvement methods included soil mixing, jet 
grouting, and replacement with compacted sand. While soil mixing was only possible 
on both sides of the embedded pile cap, jet grouting reached the soil underneath the pile 
cap. For increasing the lateral resistance and initial stiffness, the jet grouting technique 
was more effective than soil mixing outside the pile caps.  Jet grouting below a pile cap 
(see Figure 2.3) increased the lateral resistance by 160%. By extending ground 
improvement to the sides of an embeded pile cap, the passive resistance against cap 
movements increased. In this case, soilcrete walls produced by jet grouting and soil 
mixing increased the lateral resistance by 185% and 60%, respectively, relative to 
untreated conditions (Figure 2.3). Excavating soft clay and replacing it with compacted 
granular fill was another ground improvement technique used and this technique 
increased lateral resistance by 10% to 50%, with the highest increases occurring when 
the contrast in strength is the greatest. To obtain the full lateral resistance of the 
granular soil, the compacted granular fill had to extend 5D below the ground surface 
and 10D beyond the face of the piles. Compacting a gravel backfill in place on the sides 
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of the cap also increased the lateral resistance. Passive cap resistance in this case 
contributed to the total increase in lateral resistance by 40-60%. 
 
 
Figure 2-4. Plan and Profile Views of Pile Groups after Treatment with Jet 
Grouting (Rollins and Brown 2011) 
 
Tokimatsu et al. (1996) performed field observations of building damage in the 
1995 Hyogoken-Nambu (Kobe) earthquake. The observations revealed the effectiveness 
of ground improvement in enhancing the overall performance of buildings on improved 
foundations (mostly shallow foundation) compared to similar unimproved foundations 
in the region. The building founded on soils improved by either sand drains or 
preloading did not show serious foundation problems. Less settlement and tilt was 
observed in these buildings. 
Ashford et al. (2000) tested full-scale pile groups in liquefiable sands improved 
with stone columns. They used controlled blasting to liquefy the soil surrounding pile 
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foundations. Their test set-up is presented in Figure 2.4. Their results showed that the 
stone columns significantly increased the stiffness of the foundation system, by more 
than 2.5 to 3.5 times than that in the liquefied soil. It was found that in the liquefied soil, 
pile groups in the treated ground performed better than the pile groups improved by 
doubling the number of piles or increasing shaft diameters by 50 percent. 
 
 
Figure 2-5. Plan View of Test Set-up (Ashford et al. 2000) 
 
Yamashita et al. (2012) monitored the seismic behavior of a piled raft 
foundation supporting a 12-story base-isolated building in Tokyo, before and after the 
2011 Tohoku Earthquake (see Figure 2.5). The building was located on loose silty sand, 
underlain by soft cohesive soil. Cement-Deep-Soil-Mixing was used to cope with the 
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liquefiable sand as well as to improve the bearing capacity of the raft foundation. The 
results show that the improved piled raft was quite stable in the soft ground during and 
after the earthquake. It was found that the horizontal accelerations of the superstructure 
were reduced to approximately 30% of those of the ground surface. This acceleration 
reduction was contributed to the input losses due to the kinematic soil–foundation 
interaction in addition to the base isolation system. 
  
 
This literature review reveals that well-documented case histories and physical 
model tests able to characterize the seismic and quasi-static behavior of pile groups in 
improved soft clay are very rare. The series of centrifuge tests performed in this study, 
Figure 2-6. Schematic View of Building and Foundation and Grid-Form Deep 
Cement Mixing Walls (Yamashita et. al 2012) 
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to the author’s knowledge, represent the first attempt to characterize nonlinear dynamic 
and quasi-static soil-structure interaction effects of pile groups in improved soft clay. 
 
2.4.1 Cost Comparisons 
Simple cost comparisons performed by Rollins and Brown (2011) and Ohtsuka 
et al. (2004) indicated that almost all ground improvement techniques have the potential 
of reducing deep foundation system costs compared to common structural solutions 
(e.g.  increasing the number of piles in a group, extending the cap, or increasing the 
diameter of the piles). The costs basically depend on the ground improvement technique 




3. Chapter 3: Seismic and Quasi-static Centrifuge Testing of Pile 
Groups in Improved Soft Clay 
3.1 Overview of Geotechnical Centrifuge Testing 
Centrifuge testing allows the investigation of system-level, complex problems 
that would otherwise only be possible by full-scale testing. An important aspect to be 
considered in testing reduced-scale centrifuge models is their similitude with field-scale 
prototypes. Because the strength, stiffness, deformation, and volume change in soils is 
stress-dependent, the key objective of a centrifuge model is to keep the stresses identical 
to that of a prototype. The geotechnical centrifuge used in this study is shown in Figure 
3.1. Centrifuge testing includes several key steps. After constructing the reduced-scale 
centrifuge model, it sits inside a bucket located at one end of the centrifuge arm with its 
long dimension parallel to the direction of shaking (Figure 3.2). Adjustable 
counterweights on the other end balance the weight on the model side (Figure 3.3). The 
container gradually rotates 90o from a horizontal position as the centrifuge is spun-up. 
This step takes about 30-40 minutes and allows for a gradual transition of stresses.  
After reaching the target centrifugal acceleration, the model is tested. 
 
3.1.1 Scaling Laws 
In centrifuge modeling, the scale factor for length may be expressed as L* = 
1/N. L* is the ratio of length in the model to length in the prototype. The scaling laws 
for centrifuge model tests can be found in Schofield (1981), Kutter (1992), and Garnier 
et al. (2007). A list of the main scaling factors used to convert the measured data to 
















Figure 3-1. The 9-m radius Centrifuge at the Center for Geotechnical Modeling 
(CGM) at University of California, Davis (UC Davis) 
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Table 3-1. Centrifuge Scaling Factors 
Quantity Symbol Scale Factor 
Gravity g N 
Length l N-1 
Volume v N-3 
Mass m N-3 
Force F N-2 
Stress σ 1 
Strength s 1 
Moduli E 1 
Acceleration a N 
Time (dynamic) tdyn N
-1 
Frequency f N 




3.1.2 Advantages of Centrifuge Testing 
Analyzing a structure such as a bridge or an improved deep foundation as a 
system is a highly complex undertaking; however, with advances in computer hardware, 
mechanics, and computational techniques, huge leaps in our ability to digitally simulate 
these systems have been made. In fact, our ability to computationally model civil 
infrastructure has outstripped our ability to physically model these complex systems. 
Physical models are, however, necessary to validate computational simulations as well 
as understand failure mechanisms of complex structures. Creating full-scale physical 
models (e.g. instrumenting a real structure as it is built) is very costly and time 
consuming. Furthermore, field conditions such as subsurface soil profiles are often 
unknown, it is difficult to take a real structure to the failure state, and only limited 
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loading conditions can be studied. In seismic testing, there is no guaranty that an 
earthquake will strike an instrumented structure. Small-scale centrifuge models can 
solve all of these problems and make it possible to study geotechnical systems under 
variety of conditions. A geotechnical centrifuge makes it possible to accurately model 
deep deposits with realistic stress conditions; control the repeatability of test results; 
directly observe failure mechanism; apply a wide range of dynamic or quasi-static 
loads; validate numerical and empirical models, and use in consulting (Mitchell 1991). 
The centrifuge tests are also time and cost effective compared to full-scale tests. 
 
3.1.3 Limitations of Centrifuge Testing 
Propagation of 1D shear waves in a soil layer of infinite lateral extent and finite 
depth should be simulated in a container used in centrifuge tests. A well-designed 
container can reasonably satisfy the concerns regarding the boundary effects created by 
artificial boundaries of a model container. The important boundary effects in a model 
container include (1) distortion of the overall stress field and soil rocking relative to the 
base plane as a result of frictionless smooth end walls; (2) strain dissimilarity and soil 
deformation restriction as a result of a rigid end wall; (3) generation and propagation of 
unwanted P waves as a result of rigid end walls and their interaction with the model 
soil; and (4) destroying K0 conditions due to the deflection of side walls. Many of these 
boundary effects can be minimized in specially designed model containers as discussed 
in the next section. 
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3.2 UC-Davis Centrifuge, Shaking Table, and Model Container 
The centrifuge model tests in this study were carried out at a centrifuge 
acceleration of 30 g (at the center of mass of the model) in a flexible shear beam 
container. The maximum payload for the UC Davis centrifuge is 4,500 kg and the 
available bucket area is approximately 4 m2. The maximum centrifugal acceleration is 
75 g. The maximum payload for the shaking table is 2,700 kg. The 9-m radius UC 
Davis centrifuge has the largest radius of any centrifuge with a shake table in the world. 
One key advantage of a large centrifuge is that large models with holistic system-level 
complexities can be constructed and tested.  
The Flexible Shear Beam (FSB) container (Kutter 1995) used in our tests had 
internal dimensions of 1722 mm (length) × 686 mm (width) × 700 mm (height). The 
model container is shown in Figure 3.4. This container made it possible to reduce the 
boundary effects and reasonably simulate 1-D propagation of shear waves in an infinite 
half space. The FSB container consists of six hollow aluminum rings separated by 12 
mm thick layers of neoprene (rubber). The rubber thickness and stiffness are designed 
in such a way that to make the natural frequency of the container softer than the initial 
natural frequency of the soil. To provide complimentary shear stresses, flexible and 
inextensible shear rods were installed near both end walls. This container also made it 
possible to perform centrifuge tests with large payloads. The large inner dimension of 
the container allowed placing structures and instrumentation far from the boundaries 




Figure 3-4. NEES at UC Davis Flexible Shear Beam Container (FSB1) used in This 
Study (Lars Pedersen, Personal Communication, 2012) 
 
A servo-hydraulic shaker (Kutter 1995) was used to replicate key features of 
earthquake motions (see Figure 3.5). The shaker actuators were controlled by a 
conventional closed-loop feedback control system and in model scale could produce 
between 14 and 30 g shaking accelerations at frequencies of up to 200 Hz. The 
maximum peak to peak absolute shaking velocity was about 1 m/s and the stroke was 
2.5 cm. Earthquake motions were recorded at different locations on the baseplate of the 
model container and also at the very bottom of soil profile (see Figure 3.6). All recorded 
motions were in excellent agreement with each other both in terms of time histories and 














Elastomeric Bearings Load Frames 
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3.3 Centrifuge Test Set-up 
From this point onwards, all the results are presented in prototype scale unless 
otherwise stated. The soil profile in both centrifuge models consisted of four 
overconsolidated clay layers overlaying a dense sand layer (Figure 3.7). The total depth 
of clay layers in both tests was 9.6 m. The sand layer depth in the first (s=7D - ATA01) 
and second (s=3D - ATA02) series of tests was 8.0 m and 8.1 m, respectively. The 
water table was maintained above the soil surface. Generally, the clay layers were 
lightly overconsolidated (OCR≈1.1 to 2) except for the top layer with OCR varying 
from about 1.1 to 10 near the ground surface (Figure 3.8a). To prepare the dense sand 
layer, the Nevada sand was air pluviated to achieve a relative density of 84%, and a 
void ratio of 0.57. The sand density was controlled by maintaining a nearly constant 
drop height and rate. Sand was pluviated into the model container in successive layers, 
with each layer followed by leveling of the surface using a vacuum. Each lift 
corresponded to the elevation of a horizontal instrument array. Key properties of 
Nevada sand are summarized in Table 3.2 (Arulmoli et al. 1992). The sand layer was 
subjected to a vacuum of about 90 kPa and then flushed with carbon dioxide. After 
repeating this procedure twice, the sand layer was saturated under a vacuum. Figures 
3.9 through 3.14 present photographs of the calibration, pluviation, instrumentation, and 
saturation processes.  
Table 3-2. Properties of Nevada Sand (Arulmoli et al. 1992) 
Property Value 
Grain size, D10  0.09 mm 
Grain size, D50  0.15 mm 
Specific gravity, Gs  2.67 
Maximum void ratio, emax  0.887 
Minimum void ratio, emin  0.511 







Figure 3-7. Cross Sections and Plan View of the Centrifuge Model Set-Up for 
Single Piles and 2×2 Pile Groups with (a) 3D Spacing-ATA02; and (b) 7D Spacing-





























































Figure 3-8. (a) Overconsolidation Ratio and; and (b) Undrained Shear Strength 
Profiles for the Second Centifuge Test-ATA02 
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Figure 3-14. Saturation of Sand Layer 
 
In order to prepare soft clay layers and satisfy the requirements of the testing 
soil, i.e., low strength and acceptable permeability, a commercially available Kaolin 
(No. 1 Glaze Clay from Old Hickory Clay Company in Hickory, Kentucky) and a fine 
sand (D50 = 0.14 mm) from George Townsend Co., Inc. in Oklahoma City, Oklahoma 
(Quikrete Commercial Grade Fine White Sand, No. 1961-55) were selected for mixing. 
The mixture consisted of 1:1 Kaolin/sand by weight. Mixing was carried out under 
vacuum with an initial water content of 64% (twice the Liquid Limit). Key properties of 
the mixed soil (USCS classification CL) are given in Table 3.3. The soft clay slurry was 
then placed in the model container to a predetermined initial height and consolidated in 
a hydraulic press at 1 g with the specific consolidation pressures. The consolidation was 
accelerated through filter papers placed on top and the bottom of each layer and the 
coarse loose sand at both ends of the container (see Figures 3.7 and 3.12). Settlements 
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and pore water pressures in the clay were measured to monitor the progress of 
consolidation. In general, 4 days of consolidation time was required for each clay layer 
to achieve an average degree of consolidation of at least 98% resulting in a final clay 
thickness of about 9.6 m (320 mm in model). Figures 3.15 through 3.20 present 
photographs of the soft clay preparation and instrumentation process. 
 
Table 3-3. Properties of Soft Clay 
Property Parameter Value 
Specific Gravity Gs 2.7 
Liquid limit  LL 32 
Plastic limit  PL 15 
Normally consolidated strength ratio (Su/σˊv0)NC 0.22 
Plastic volumetric strain ratio  Λ 0.80 
Compression index Cc 0.42 




























Figure 3-20. Final Soil Profile 
 
To obtain the desired overconsolidation ratio (OCR≈1.1) at the bottom of each 
soft clay layer, the model was reconsolidated under its self-weight in the centrifuge at 
30 g. The resulting OCR profile is shown in Figure 3.8a; the discontinuous nature of the 
OCR profile is the result of using different successively lower hydraulic press pressures 
during slurry consolidation of each layer at 1 g. Linear potentiometers and pore pressure 
transducers were used to monitor the degree of consolidation in the centrifuge. Testing 
of the piles began after the average degree of consolidation reached about 95%. On 
average, it took about 8 hours of spinning to reach the desired overconsolidation ratio 
and degree of consolidation during each test. 
 
3.3.1 Deep Mixing with Cement 
Following consolidation in the hydraulic press and prior to reconsolidation at 30 
g, a laboratory equivalent of Cement Deep Soil Mixing (CDSM) was used to improve 
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the manufactured soft clay at 1 g. CDSM has proven useful in increasing the stiffness 
and strength of soil (Bruce et al. 2013; Kitazume and Terashi 2013; Mitchell 2008; 
Puppala et al. 2008). Equal amounts (by weight) of Kaolin and fine sand were mixed 
together with deionized water (pH=7.0) to obtain a water content of 34%. This water 
content was the average water content after soft clay consolidation occurred in the 
hydraulic press. 
Once the soil was mixed using a kitchen dough mixer for 10 minutes, equal (by 
weight) amounts of water and Type I Portland cement to obtain 10% cement content 
were mixed separately and transferred to the mixer and mixed with unimproved soil for 
10 minutes. The goal was to obtain a uniformly treated cementitious soil matrix 
(commonly called soilcrete) with no lumps of soil or slurry and with uniform moisture 
content and a uniform distribution of binder throughout the soilcrete. The kitchen dough 
mixer was found to be useful in obtaining a uniform soilcrete in the laboratory. The 
properties of CDSM based on standardized definitions (Bruce et al. 2013; Filz et al. 
2005) are given in Table 3.4. 
 
















































Value 1.0 138 101 18.5 10 4.4 
 
Right before the preparation of the soilcrete, soft clay in the centrifuge model 
was excavated from the top. Rectangular, bottomless aluminum molds were used as 
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guides and excavation support at predetermined locations to facilitate removal of clay 
and reach the desired dimensions (Figure 3.21). The soilcrete was then added in layers 
and lightly tamped and compacted to avoid any large voids or honeycombs within the 
CDSM blocks (see Figure 3.22). After placing the soilcrete, the top surface of the 
blocks were graded and the aluminum molds were removed. The soilcrete was placed 
for all the blocks at a temperature of about 25o C. All the CDSM blocks cured in situ 
under water for 28 days before any tests were conducted. A similar procedure was used 
to prepare and cure improved clay samples in laboratory for Unconfined Compressive 
Strength testing. Several samples were tested and the 28-day compressive strength of 
samples was found to be 760 kPa. Figure 3.23 shows the stress-strain (q- ε1) behavior of 
unimproved and cement-improved soft clay obtained from isotropically-consolidated 
undrained compression (CIUC) triaxial tests, where q is the deviatoric stress and ε1 is 
the axial strain (Thompson 2011). Initial effective confining pressure values (p’) for 
each sample prior to shearing is also shown in Figure 3.23. As expected, the 
unimproved soil shows the influence of initial confining pressure, while the behavior of 
























Two separate centrifuge models were tested for 7D and 3D pile spacings. The 
CDSM block dimensions and locations used in both the tests are given in Table 3.5 and 
shown in Figure 3.7. Note that the CDSM block dimensions for single piles used in both 
tests represent the corresponding tributary areas of a pile in the corresponding GIS pile 
groups. The CDSM procedure used in the centrifuge tests models field cases where wet 
soil mixing is used to improve the ground prior to installation of new pile foundations 
(Bruce et al. 2013; Kawasaki et al. 1981; Kitazume and Terashi 2013; Lorenzo and 
Bergado 2006; Maher et al. 2006; Porbaha 2006; Puppala et al. 2008). It is obvious that 
Deep Mixing Method (DMM) or CDSM cannot be used for existing pile foundations. 
Jet grouting (Burke 2004; Burke 2012; Clemente et al. ; Essler ; Shibazaki 2003; 
Yoshida 2012) is one of the most commonly used techniques to improve existing pile 
foundations because the grout can be pumped between the piles. The ultimate objective 
of all of these techniques is to improve the strength and stiffness of a weak soil and 
(a) (b) 
p/ = 205 
p/ = 180 
p/ = 40 
p/ = 40 
p/ = 140 
p/ = 210 
Figure 3-23. The Stress-Strain Behavior obtained from Isotropically-
Consolidated Undrained Compression (CIUC) Triaxial Tests an (a) 
Unimproved Clay; and (b) Cement Improved Clay; p/ Values are in kPa 
(Thompson 2011) 
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therefore the results of the centrifuge tests presented in this study should be applicable 
to variety of ground improvement techniques. 
 
Table 3-5. CDSM Block Dimensions for Different Pile Foundations 
 
First Series of Tests 
(s=7D)  
Second Series of Tests 
(s=3D) 
GIS 11D×11D×9D 11D×11D×9D 
GIL 23D×23D×9D 23D×23D×9D 
SI 5.5D×5.5D×9D 8D×8D×9D 
 
 
3.3.2 Soil and Pile Characteristics 
The undrained shear strength profile of unimproved clay was calculated based 
on the assumption of normalized behavior implied by the following function (Ladd et 
al. 1977; Wroth 1984): 
 Su σ
′
v0⁄ = (Su σ
′
v0⁄ )NC × (OCR)
Λ (3.1) 
where σ′v0 is in situ vertical effective stress; (Su σ
′
v0⁄ )NC is normally consolidated 
strength ratio; OCR = overconsolidation ratio; and Λ = plastic volumetric strain ratio. 
The OCR profile of the centrifuge clay layer is shown in Figure 3.8(a) and the values of 
other parameters in Equation (3.1) are given in Table 3.3. These parameters were 
obtained using isotropically consolidated undrained compression (CIUC) triaxial tests 
(Thompson 2011) and verified by a bounding surface elastoplastic constitutive model 
(Dafalias and Herrmann 1986). The undrained shear strength profile calculated using 
Equation (3.1) is shown in Figure 3.8(b).  Zhang et al. (2011), Afacan et al. (2014), and 
Boulanger et al. (1999) showed there is a good agreement between undrained shear 
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strength values obtained from this equation and directly measured values obtained from 
T-bar tests in soft clay profiles.  
The model piles were fabricated from a hollow steel tube instrumented with six 
pairs of strain gauges at different levels to enable bending moment determinations 
through flexural strain measurements along the pile. The prototype values of the yield 
and ultimate flexural moments of the steel tube closely matched those of the Caltrans 
(California Department of Transportation) steel pipe pile PP14. The steel conformed to 
ASTM A513 Grade 1010 specifications and had an average yield stress of 260 MPa 
based on the 0.2% offset criteria. At each level, two active strain gauges were glued 
onto the opposite sides of the model pile to form a Wheatstone half bridge circuit. The 
instrumented pile was protected by a very thin layer of plastic shrink wrap. 
The calibrated factors for strain gauges were obtained using two different 
procedures. In the first method, each pile was cantilevered from the pile cap and a 
known weight was hanged from a location near the pile tip. The advantage of this 
method of calibration is that it eliminates the problem of deviations from the alignment 
of the piles in the cap which can lower the sensitivity of the gauges. The drawback is 
that the gauges located near pile tip receive lower amount of bending moments, thus 
decreasing the sensitivity of the gauges in this area. In the second method, the strain 
gauges were calibrated using a simply supported beam configuration. Three different 
amounts of vertical loads were applied to the beam (pile) and the gauge readings were 
recorded at each time. In both methods, bending moments were calculated at the 
locations of gauges and the calibration factors were obtained as the average slope 
between calculated bending moment and gauge readings in voltage. 
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The outside diameter (D) of the piles was 0.29 m and the wall thickness (t) was 
0.027 m. The cross sectional area (A) of the pile was 2.17 × 10-2 m2 and the second 
moment of area (I) was 1.84 × 10-4 m4.  The Young’s modulus (E) obtained from 
coupon tests was 182 GPa. The yield bending moment obtained for the piles based on 
the moment-curvature analysis was 305 kN.m. The piles were 20.4 m long with the 
lower 16.0 m inserted into the soil. The pile caps were made of thick solid aluminum 
and placed at 4.4 m above the ground level (free length). The piles were tightly fixed 
through openings in the pile cap using screws. The mass of all pile caps was 30.5 kg. 
Single piles also had caps with a mass almost equal to ¼ the mass of pile group caps 
(7.5 kg). Once the ground was improved at the predetermined locations, the piles were 
driven into the profile at 1 g. A pile driving system consisting of a hammer and a guide 
rod was used for this purpose (see Figure 3.24). By dropping the hammer on the 
cushion from a constant height, all piles were driven to the desired depth. Although 
driving piles at 1 g instead of 30 g may alter the bearing capacity and the behavior of 
pile foundations, Craig (1985) showed that this difference would not be significant in 
clays because the volume change in clays during pile driving is small compared to 










Figure 3-25. Centrifuge Model before Going on the Centrifuge Arm 
 
The relative stiffness between the pile and the soil plays an important role in 
determining the behavior of pile foundations under lateral loading. The results of the 
current study are directly applicable to the foundation systems with similar relative 
stiffness values. A dimensionless parameter, (E.I/A.t) / Su.D, can be used to capture the 
relative stiffness of the pile-soil system. The dimensionless parameter values for pile-
soft clay and pile-CDSM were 248 × 105 and 5 × 105, respectively. The undrained shear 
strength ratio of improved to unimproved soft clay was 47 (380 kPa/8.17 kPa). 
Judgement and additional analyses are warranted in extrapolating the results presented 





The model was instrumented with Micro-Electro-Mechanical Systems (MEMS) 
accelerometers, piezoelectric accelerometers, linear potentiometers (LPs), and pore 
pressure transducers (PPT). The instrumentation layout is shown in Figure 3.7(a). The 
detailed instrumentation layout and coordinates of the instruments are presented in 
Appendix A. The instrumented model on the centrifuge arm is shown in Figure 3.26. 
MEMS accelerometers were attached to the pile caps and piezoelectric accelerometers 
were placed in the CDSM blocks and also in soil to record acceleration responses. The 
base and container accelerations were also recorded using piezoelectric accelerometers. 
LPs were used to measure the soil profile and CDSM blocks settlement and also to 
record the transient and permanent horizontal displacements of the pile caps. PPTs were 
placed around the CDSM blocks and in the soil profile to record the excess pore water 
pressure (EPWP) generated during the seismic events. PPTs and LPs were also used to 




Figure 3-26. Instrumented Model on the Centrifuge Arm 
 
3.5 Loading Sequence 
After a minimum of 28 days of curing of the CDSM blocks, the clay was 
reconsolidated at 30 g as described previously and then two series of quasi-static tests 
were performed on the 7D and 3D pile groups in two separate centrifuge models. 
Similar lateral load tests were also performed on single piles for comparison purposes. 
Each lateral load test took several hours. Between each test, the centrifuge was stopped, 
the loading setup relocated to the next pile/pile group, the centrifuge was spun up, and 
soil reconsolidated before the next loading sequence. The first series of tests (7D tests) 
took about 6 days to complete and the second series of tests (3D) took about 12 days.  
Because an accident destroyed the 7D centrifuge model soon after initial lateral load 
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tests, only small amplitude tests were performed in the first series of tests. In the second 
series of tests (3D spacing), the pile foundations were first subjected to small amplitude 
quasi-static lateral loads, then to the earthquake base motions, and finally to large 
amplitude quasi-static lateral loads with deflections larger than the deflections 
experienced during seismic events. In both the series of tests, two different CDSM 
configurations were used for improved pile groups. Table 3.5 shows the dimensions of 
CDSM blocks with respect to the outside diameter of a single pile (D). Because the soil 
within the upper five to ten pile diameters dictate the lateral load response (Brown et al. 
1988; Taghavi and Muraleetharan 2015c), soft clay was improved to a depth of 9D.  
Selecting this depth for ground improvement was also based on the parametric study 
performed during this study (see the Section CDSM Block Depth Effect in Chapter 5). 
GIL and GIS denote the Large and Small Improved pile Groups, respectively. SI and 
SU similarly represent the Single piles in Improved and Unimproved soil, respectively. 
Schematics of the first and second experimental models are provided in Figure 3.7, 
which includes important dimensions and the locations of selected instrumentation.  
 
3.5.1 Quasi-static Loads 
All tests were conducted under displacement control with a loading rate of 0.05 
mm/s applied using a hydraulic actuator above the pile cap (see Figure 3.27). The loads 
and displacements were measured using a load cell and a linear variable differential 
transformer (LVDT), respectively. A single sine shaped displacement-time history 
(loading and unloading) was given as an input motion command to the actuator and the 
load was measured using a load cell. By multiplying displacement values by a constant 
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factor, the displacement amplitudes were changed to obtain the response at different 
deflection values. The results in chapters 4 and 5, however, are just presented for peak 
responses obtained during the loading part.  
 
 
Figure 3-27. Loading Set-up for Quasi-static Lateral Load Tests 
 
3.5.2 Earthquake Motions 
The earthquake motions were applied to the model base over two days. On the 
first day, the model was subjected to different scaled versions of the recording from 
Port Island in the 1995 Hyogoken-Nambu (Kobe) earthquake (Events A-D). On the 
second day, the earthquake motions were different scaled versions of the recording from 
Santa Cruz in the 1989 Loma Prieta earthquake (Events E-G). A few very small 
amplitude step waves were applied before earthquake motions to check the functionality 
of the instruments. Earthquake motions were passed through a high-pass filter to 







centrifuge shaking table. Intensity variations (scaling) were performed by applying a 
linear scale factor to the acceleration–time history of the motion. Table 3.6 shows the 
order and characteristics of earthquake motions applied, which includes the peak 
acceleration (amax), peak velocity (vmax), peak displacement (dmax), and Arias intensity 
(Ia). Figure 3.27 depicts response spectra of the motions. Each earthquake event was 
separated by sufficient time for dissipation of any shaking-induced EPWP. All response 
spectra in this study are obtained by applying 5% damping. 
 
Table 3-6. Earthquake Input Motions Order Applied to the Base of the Container 
Event Motion amax (g) vmax (cm/s) dmax (cm) Ia (m/s) 
A Kobe 0.026 4.01 0.98 0.009 
B Kobe 0.066 9.26 1.84 0.074 
C Kobe 0.160 22.23 4.66 0.489 
D Kobe 0.273 32.62 7.20 1.226 
E Santa Cruz 0.208 13.04 1.41 0.245 
F Santa Cruz 0.423 22.62 3.38 1.097 





Figure 3-28. Acceleration Response Spectra (5% Damping) of Earthquake Motions 




3.6 Signal Processing 
A signal processing and double integration procedure was developed to obtain 
displacement-time histories from acceleration-time histories. A reliable double 
integration method was also needed for investigating container effects and uniformity of 
motions. Displacement-time histories tend to be dominated by low frequencies. 
However, acceleration-time histories cannot capture very low frequencies. Most 
piezoelectric accelerometers have an in-built high-pass filter to prevent signal drift. This 
high-pass filter in the analog circuit of the accelerometer; however, corrupts the 
amplitude and phase of signal near the corner frequency. A non-casual digital high-pass 
filter is; therefore, needed to remove the corrupted low frequency motion. Because 


























filter with cut-off frequencies of 0.15 Hz and 25 Hz and an order of 4 was used for 
filtration. The selection of corner frequency and filter order was based on applying 
smallest possible amount of filtering while obtaining realistic displacement and velocity 
time series. By using this frequency range, reliable transient displacement-time and 
velocity-time histories were obtained. The high-pass cut-off frequency of 0.15 Hz was 
also recommended by Wilson (1998) for the same container and similar soil profile and 
earthquake motions. Considering the high number of  acceleration records (about 1000 
records), and because acceleration data had similar noise characteristics and was 
recorded and passed through similar instruments and electronic components, same 
signal processing and double integration method was used for all signals. 
Figure 3.29 shows the displacement-time history for the pile cap of the GIL pile 
group recorded using a Linear Potentiometer (LP). The displacement-time history 
obtained by double integrating the acceleration using the aforementioned signal 
processing methodology is also depicted. There is a good agreement between both 




Figure 3-29. Displacement-Time History of the GIL Pile Cap obtained from Direct 
Measurement by a LP and by Conditioning and Double Integrating the 
Acceleration-Time History during Event D 
 
 
3.7 Flexible Shear Beam Container - Soil Column Interaction 
In order to reliably interpret the dynamic centrifuge tests, the behavior of the 
container and soil column system must be understood. Whitman and Lambe (1986), 
Van Laak et al. (1994), and Fiegel et al. (1994) are among the researchers who have 
looked into the interaction between a container and the soil column. Here we compare 
the horizontal motions of the soil column and the adjacent container ring.  
Accelerometers were attached to the rings of the container at different levels. An 
accelerometer was also installed on the clay surface near the top ring (A60 in Figure 
3.7a). Figure 3.30 shows the horizontal acceleration and displacement-time histories of 
the top ring and clay surface close to the top ring. This figure shows that the ring and 
clay surface acceleration waveforms are similar and the displacement-time histories are 
in good agreement. This confirms that the motion is uniform in the container-soil 




























complementary shear stress at the soil-container interfaces and the soil column is 
deforming in shear as opposed to column bending (Taghavi et al. 2015a).  
 
 
Figure 3-30. Horizontal Acceleration-Time Histories For: (a) Clay Surface Near 
the Top Ring; (b) The Top Ring; and (c) Displacement-Time Histories for the Top 








































4. Chapter 4: Quasi-static Lateral Load Behavior of Pile Groups in 
Soft Clay Improved by Cement-Deep-Soil-Mixing: Centrifuge Tests  
 
4.1 Overview 
This chapter presents the results of quasi-static lateral load behavior of pile 
groups in unimproved and improved soft clay. The centrifuge test results revealed that 
the lateral resistance of the improved pile group at 7D spacing increased by 157%. Due 
to pile-soil-pile interactions, the lateral resistance in 3D pile group increased by only 
112%. In both improved and unimproved pile groups with 3D spacing, the leading row 
of piles carried larger loads and bending moments than the trailing row of piles. No 
group interaction effects were observed in all pile groups with 7D spacing. At very 
large deflections, cracks developed and tension failure occurred in the CDSM block of 
the improved 3D pile group.  Some results in this chapter are also reported in Taghavi et 
al. (2015b). 
 
4.2 Load versus Deflection Responses 
In order to study the failure mechanism of the improved pile foundations, the 
pile foundations in the second series of tests (3D spacing) were laterally loaded in small 
deflections as well as very large deflections. Because of the highly nonlinear 
elastoplastic behavior of soft clay in large strains, which significantly differs from the 
behavior in small deflections, load-deflection curves of pile groups are presented in 
both small and large deflection amplitudes. The peak total load versus deflection curves 
from the tests on the single piles and pile groups are shown in Figures 4.1 and 4.2, 
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respectively. All deflections represent the pile cap deflections at 3.5 m above the pile 
heads. Figure 4.1 shows, with the ground improvement, the improved single pile SI-1 
has resisted 15.1 kN (at a deflection of 7.0 cm) compared to 9.3 kN for the single pile in 
unimproved soft clay. This represents an increase in lateral resistance of 62%.  By 
increasing the lateral dimensions of the improvement zone from 5.5D to 8D in SI-2, the 
lateral resistance has increased by 19% with respect to the SI-1. The load-deflection 
curves of the unimproved single piles of first series of tests (SU-1) and second series of 
tests (SU-2) are in good agreement. This agreement validates the assumption that the 































Figure 4-1. Load–Deflection Curves for the Unimproved 




Figure 4-2. Load–Deflection Curves for the Unimproved and Improved Pile 
Groups at 3D and 7D Spacing: (a) Small Deflection; and (b) Large Deflection. 
 
 
Similarly, CDSM blocks increased the lateral resistance of the pile groups. 
Figure 4.2(a) depicts load-deflection relationships for all pile groups in small 
deflections. In pile groups with 7D spacing, ground improvement increased the lateral 
resistance of the GIL and the GIS by 157% and 66%, respectively, in comparison to the 

















































resistance of the GIL and the GIS pile groups increased by 112%, and 65%, 
respectively. Increasing the dimensions of the improvement zone increased the lateral 
resistance. It is likely that pile-soil-pile interactions led to less increase in lateral 
resistance for 3D pile spacing. This phenomenon will be investigated further in 
subsequent sections.  The load-deflection curves for pile groups at 3D spacing in very 
large deflections are shown in in Figure 4.2(b). At a deflection of 69 cm, the lateral 
resistance of the GIL and the GIS increased by 110% and 70%, respectively, in 
comparison to the unimproved case.  
 
4.3 Maximum Bending Moment versus Load Responses 
The maximum bending moment is the largest moment along the length of 
leading piles in each group and the load is the total load carried by that pile group. 
Maximum bending moment-load curves for all the piles are shown in Figure 4.3. In all 
three cases (GU, GIS, and GIL), the maximum bending moment increased as the 
spacing between piles decreased from 7D to 3D, indicating larger loads were carried by 
leading piles in 3D spacing. These curves suggest possible pile-soil-pile interactions at 
3D spacing. When the piles are spaced closely in a pile group, the resistance provided 
by the soil adjacent to piles is reduced due to overlapping failure zones. This effect is 
more pronounced for trailing piles since soil in front of the leading piles is less 
disturbed and therefore, in closely spaced pile groups, leading piles carry more loads. 
This phenomenon is referred to as pile-soil-pile interaction and leads to shadow-effect 
and edge-effect reductions in pile group capacities. More interaction occurs in pile 
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groups with 3D spacing than the 7D spacing; thus, leading piles in 3D groups carry 
larger loads that results in larger bending moments as seen in Figure 4.3. 
 
 














































































Figure 4-3. Variation of maximum leading pile bending moment with applied 
load for: (a) the GU pile group at 3D and 7D spacings; (b) the GIS pile group 
at 3D and 7D spacings; and (c) the GIL pile group at 3D and 7D spacings. 
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When the applied load increases, overlapping between the failure zones also increases, 
and consequently the difference between the maximum bending moments at 3D and 7D 
spacings also increases as seen in Figure 4.3. This effect is further investigated by 
calculating load distributions between piles in a group in Section 4.5. 
 
4.4 Bending Moment versus Depth Curves 
Bending moment versus depth curves are shown for the GIL and GU pile groups 
in Figures 4.4–4.6. Because some of the strain gage data from the GIS pile groups were 
deemed unreliable, these results are not presented. Curves are shown for leading and 
trailing piles of each group at different deflection levels. The maximum bending 
moments in both the leading and trailing piles in GIL-3D exceeded the yield bending 
moment of 305 kN.m at a deflection of 1.6 D. For the GIL and GU pile groups with the 
largest spacing (7D), the maximum moments for both leading and trailing piles are 
close to one another for a given deflection (see Figure 4.4). Figures 4.5 and 4.6 show 
bending moment profiles for leading and trailing piles at various deflection values for 
pile groups in unimproved (GU-3D) and improved (GIL-3D) soft clay, respectively. 
These profiles show that the depth to the maximum bending moment for GU-3D and 
GIL-3D piles are about 9 – 10D and 1– 2D below the ground surface, respectively. The 
bending moment increases with the applied deflection for both pile groups. For the 
same deflection, the piles in improved clay experienced higher bending moments than 
those in unimproved clay. This is as expected as the pile in unimproved clay would 
resist considerably less load as compared to the pile in improved clay at the same 
deflection, as illustrated in Figure 4.2. Both Figures 4.5 and 4.6 illustrate that a 
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reduction in the pile spacing from 7D to 3D leads to larger bending moments being 
mobilized in the leading row of piles at the same amount of deflection. Although this 
effect is more pronounced at larger deflections, it can be seen even at smaller 
deflections for 3D spacing. This once again points to pile-soil-pile interactions resulting 

















































Figure 4-4. Bending Moment Distribution along Piles in 7D 
Group at a Deflection of 0.3D: (a) Improved Pile Group 


















































































Def. = 0.4 D
Figure 4-5. Bending Moment Distribution along the Piles in 



















4.5 Load Distribution between Piles  








A weighted residual approach is used for differentiating bending moment 








































































Def. = 1.6 D
Figure 4-6. Bending Moment Distribution along the Piles in 
the Pile Group GIL-3D at Various Deflection Values 
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more accurately than polynomial regressions in layered soils with nonlinear pile 
behavior (Brandenberg et al. 2010; Wilson 1998). Readers are referred to Brandenberg 
et al. (2010) and Wilson (1998) for details on applying this method to double 
differentiate discrete bending moment profiles. Figures 4.7(a) and (b) depict soil 
reaction profiles of the leading piles in GIL-3D and GIL-7D pile groups at 0.4D and 
0.3D deflections, respectively. In both cases, significant amount of soil reaction can be 
observed in the improved zone indicating high resistance to piles against deflection 
within the improved zone. Soil reaction within unimproved soil layers is negligible. 
Even for smaller deflections, more soil reaction is seen in the GIL-7D group than the 
GIL-3D. This is again the reflection of the reduced soil resistance in the GIL-3D due to 
pile-soil-pile interactions for a given displacement. 
By integrating soil reaction profiles, lateral loads carried by each pile can be 
deduced. Figures 4.8 and 4.9 show the lateral loads carried by the leading and trailing 
piles of the GU and GIL pile groups at 7D and 3D spacings, respectively. The average 
loads obtained by dividing the total loads by the number of piles in a group (4) are also 
depicted in these figures. In all pile groups, sum of the loads carried by each pile is 
equal to the total load of the group. In the GIL-7D and GU-7D groups, both leading and 
trailing piles carried approximately the same amount of loads at a given deflection. This 
indicates there are no group interaction effects in GU-7D and GIL-7D pile groups. 
However, at 3D spacing, leading row of piles in GIL-3D and GU-3D carried larger 
loads than the trailing row of piles. Difference between lateral loads carried by trailing 
and leading piles is small in small deflections and gets larger as the deflections get 






















































Figure 4-7.  Soil Reaction Profiles obtained by Differentiating 
Bending Moment Data of Leading Piles using Weighted-
Residual Method for (a) GIL-3D at 0.4 D Deflection, and (b) 





Figure 4-8. Load-Deflection Curves for Leading and Trailing Piles:  (a) 
Unimproved Pile Group with 7D Spacing (GU-7D) and; (b) Improved Pile Group 



















































Figure 4-9. Load-Deflection Curves for Leading and Trailing Piles:  (a) 
Unimproved Pile Group with 3D Spacing (GU-3D) and; (b) Improved Pile Group 
with 3D Spacing (GIL-3D) 
 
4.6 Failure Mechanism of CDSM Blocks 
The CDSM block failed in tension during lateral loading of the GIL-3D pile 
group at a deflection of about 80 cm. The failure is manifested in the load-deflection 
curve shown in Figure 4.10.  As the deflection increased the load reached its maximum 
value and then reduced. Figure 4.11 shows the cracks developed in the failed CDSM 
block. The cracks are perpendicular to the direction of loading. The cracks initially 














































the outside edges. As the deflection increased the cracks also propagated through the 
depth until a fracture occurred. The gaps formed between the piles and the CDSM block 
can also be seen in Figure 4.11. This is a classical tension failure where the failure plane 
is perpendicular to the direction of loading. When the horizontal loads transmitted to the 
CDSM block exceed the tensile strength of the improved soil, the CDSM block cracked. 
The tensile cracks will naturally form near the surface where the confining pressure 
from the soil that prolongs the CDSM block going into tension is the lowest.  This 
failure mechanism should be considered in designing pile groups in CDSM improved 
soft clay subjected to large lateral deflections. 
 
 




























































Soft Clay (Excavated) 
Gap 
Figure 4-11. Tension Failure in the CDSM Block during 
Loading of the GIL-3D Pile Group 
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5. Chapter 5: Analysis of Laterally Loaded Pile Groups in Soft Clay 
Improved by Cement-Deep-Soil-Mixing 
 
5.1 Overview 
The use of p-multipliers in the analyses of lateral loading behavior of pile 
groups is based on the concept of modifying the single pile p-y curve to obtain that for a 
pile in a group (see Figure 2.6). The p-multipliers account for the reduced soil resistance 
mobilized at a given deflection due to overlapping of shear zones. Different factors can 
influence the p-multipliers; however, due to lack of experimental data, most researchers 
and design guidelines consider only the normalized pile spacing in the direction of 
loading in their recommendations. Reported in this chapter are the methods used to 
determine separate sets of p-multipliers for each row of the 2 × 2 pile groups as a 
function of pile spacing and clay stiffness. Computer analyses were performed to back-
calculate the p-multipliers. Measured and computed lateral load-deflection, maximum 
bending moment-load, and bending moment-depth responses of the pile groups are 
presented. The computed results were obtained by the finite difference computer code 
GROUP (Reese et al. 2010) using the p-multipliers developed during this study. For the 
sake of comparison and also calibration of parameters needed for the analyses, the 
measured single pile results are also presented and compared with results computed by 
the finite difference computer code LPILE (Reese et al. 2004). The p-multipliers 
obtained in this study for stiff clay and soft clay for the 3D and 7D center-to-center pile 
spacings are compared with previously recommended values. Finally, a parametric 
study was performed on improved pile groups with 3D spacing. It was seen that for 
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CDSM block depths greater than 9D, increases in lateral resistance are practically 
negligible. At deflections less than 8 cm, lateral resistance of the improved pile groups 
is not sensitive to undrained shear strength of the improved clay representing typical 
cement contents. The centrifuge experiments and analyses described in this chapter 
represent, to the author’s knowledge, the first study of pile-soil-pile interaction to 
explicitly include the effect of undrained shear strength of clay on p-multipliers. Some 
results in this chapter are also reported in Taghavi and Muraleetharan (2015c) and 
Taghavi and Muraleetharan (2014). 
 
5.2 Factors affecting p-multipliers 
The most important factor in determining p-multipliers is the pile spacing in the 
direction of loading (Brown et al. 1988; Brown et al. 1987; Chandrasekaran et al. 2010; 
Hannigan et al. 2006; Ilyas et al. 2004; Meimon et al. 1986; Reese and van Impe 2011; 
Rollins et al. 2006; Rollins et al. 1998; Rollins and Sparks 2002; Ruesta and Townsend 
1997; Zhang et al. 1999). However, different researchers have mentioned or illustrated 
the effects of other parameters on p-multipliers. These parameters include pile spacing 
perpendicular to the direction of loading (Ashour and Ardalan 2011; Cox et al. 1984; 
Reese and van Impe 2011), type of soil and soil profile (Ashour and Ardalan 2011; 
Brown et al. 1988; Huang et al. 2001), pile arrangement in a group (Chandrasekaran et 
al. 2010; Ilyas et al. 2004), pile head fixity (Fayyazi et al. 2014), pile stiffness, width, 
and length (Brown et al. 1988; Rao et al. 1998), and the pile installation method (Brown 
et al. 2001; Huang et al. 2001; Reese and van Impe 2011). Moreover, p-multipliers vary 
along the length of a pile and also depend on the amount of lateral deflection (Brown et 
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al. 1987; Rollins et al. 2006). Most agencies and researchers (AASHTO 2012; FEMA 
2012; Hannigan et al. 2006; Mokwa and Duncan 2005; Rollins et al. 2006; US Army 
1993), however, have only considered the normalized pile spacing in the direction of 
loading in recommending p-multipliers for each row of piles. The p-multipliers 
suggested by different agencies and researchers for pile groups are presented in Table 
5.1. Based on this table, there is a significant uncertainty in determining the p-
multipliers for pile groups. For example, the suggested p-multiplier for the leading row 
of piles (Row 1) ranges from 0.33 to 0.87 for the normalized spacing of 3.  
 
Table 5-1. Recommended p-multipliers for all soils 
  p-multiplier (fm)  







2×2 3 0.87 0.68 ˗˗˗ Reese and van Impe (2011) 
2×2 7 1.0 1.0 ˗˗˗  
Any group 3 0.79 0.57 0.41 FEMA (2012); Rollins et al. (2006) 
 7 1.0 1.0 0.92  
Any group 3 0.8 0.4 0.3 AASHTO (2012); Hannigan (2006) 
 5 1.0 0.85 0.7  
Any group 3 0.33 0.33 0.33 US Army (1993)a 
 4 0.39 0.39 0.39  
 5 0.45 0.45 0.45  
 6 0.56 0.56 0.56  
 7 0.71 0.71 0.71  
 8 1.0 1.0 1.0  
Any group 3 0.8 0.6 0.45 Mokwa and Duncan (2005) 
a US Army reported “group reduction factors” are same for all piles in a group 
 
Due to lack of experimental data, analyzing pile groups in improved soils under 
lateral loading involves uncertainty and in most cases designs are conservative. This 
chapter utilizes the p-y curves and the p-multipliers to analyze the behavior of pile 
groups in improved and unimproved soft clay.  
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5.3 Analyses of Single Piles and Pile Groups in Improved and Unimproved Soft 
Clay 
LPILE (Reese et al. 2004) and GROUP (Reese et al. 2010) were used to model 
the laterally loaded single piles and pile groups, respectively. The p-y curves of Matlock 
(1970), Reese et al. (1974) and Reese et al. (1975) were used to model the p-y behavior 
of piles in soft clay, sand, and stiff clay (CDSM block) with free water, respectively. 
These curves are provided within LPILE and GROUP as default curves and no changes 
were made to these curves. 
The p-y curve of Matlock (1970) for soft clay varies with depth and mainly 
depends on effective unit weight (γˊ), undrained shear strength (Su), and the strain at 
one-half the maximum difference in principal stresses (ε50). The effective unit weight 
was determined for each layer of centrifuge model and is provided in Table 5.2. The 
undrained shear strength values presented in Figure 3.8 and a typical ε50 value of 0.02 
suggested by Reese and van Impe (2011) for soft clay were used to build the p-y curves 


















































































































































































































































































































The Reese et al. (1974) p-y curve for sand mainly depends on the initial stiffness 
and the ultimate soil resistance. The ultimate soil resistance depends on the internal 
friction angle of sand and pile diameter. The friction angle of dense Nevada sand was 
assumed to be 38 degrees, which is consistent with the values reported in the VELACS 
(VErification of Liquefaction Analysis by Centrifuge Studies) project (Arulmoli et al. 
1992). The initial stiffness (k) was determined by back analysis of measured single pile 
response. The analyses were performed to obtain the best possible match between the 
measured and calculated response for the unimproved single pile. Figure 5.1 shows the 
measured and LPILE computed lateral load versus deflection responses for the 
unimproved single pile. Figure 5.2 presents the measured and computed bending 
moment profiles of the unimproved single pile for two different deflection values. In 
both lateral load-deflection and bending moment-depth curves there is a good 
agreement between measured and computed responses. The back-calculated value of 
the initial stiffness for the dense Nevada sand was 34.0 MN/m3. The final calibrated 
unimproved soil input data for the GROUP analyses are shown in Table 5.2. 
The Reese et al. (1975) p-y curve provided within the program GROUP for stiff 
clay in the presence of free water was used to model the p-y behavior of piles in CDSM 
block. In order to build this curve in each desired depth, effective unit weight (γˊ), 
undrained shear strength (Su), strain at one-half the maximum difference in principal 
stresses (ε50), and initial stiffness (k) are required. The effective unit weight of the 
improved soil was assumed to be 8.17 kN/m3 and a typical value of ε50 suggest by Reese 
and van Impe (2011) for stiff clays (0.004) was used for the improved clay. As 
mentioned earlier, the unconfined compression tests revealed the undrained shear 
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strength of the improved clay is 380 kPa. The initial stiffness (k) was determined by 
back analysis of measured GIL-7D pile group response. The analyses were performed 
to obtain the best possible match between the measured and predicted response for the 
GIL-7D improved pile group at very small deflections to lower the axial response 
effects. Single piles were not used in this step, because none of the CDSM layers in the 
tested improved single piles could be assumed to be semi-infinite, an LPILE 
assumption. The results of numerical modeling of the GIL-7D improved pile group are 
presented later. Using this procedure, the initial stiffness (k) was back-calculated as 
460.0 MN/m3 for the CDSM block. This matches well with the k values available in 
literature (Reese and van Impe 2011; Reese et al. 2010). The input data for the CDSM 
improved soil is shown in Table 5.3.  
 
 
Figure 5-1. Comparison of Measured and LPILE Computed Load - Deflection 


















































γ´  (kN/m3) 
Improved Soil 380 0.004 460.0 8.17 
 
 
In all the analyses, a total of 61 nodes were used to discretize pile foundations 
into equal increments (60 increments). Each node was connected to the adjacent soil 
using the specified p-y spring. Sensitivity analyses performed using 61 and 101 nodes 

















































Deflection = 1.63 D
Figure 5-2. Comparison of Measured and LPILE Computed Bending 
Moment - Depth Curves for the Single Pile in Unimproved Soft Clay for 
Lateral Deflections 0f 1.02 D and 1.63 D. 
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5.4 Determination of p-multipliers 
After calibrating the soil properties as described above, the GU-3D and GIL-3D 
pile group results were used to back-calculate p-multipliers using GROUP. The p-
multipliers were initially obtained by matching the measured and computed total lateral 
load – deflection responses.  These p-multipliers were then adjusted for each row of pile 
groups in improved and unimproved pile groups by matching the measured and 
computed responses for each row.  
The p-multipliers suggested by different researchers for pile groups in clay, 
including the present study, are presented in Table 5.4. Since different p-multipliers 
were obtained for pile groups with same arrangement and spacing, this table illustrates 
that these two parameters are not the only governing factors in determining p-
multipliers. The p-multipliers obtained for the leading and the trailing rows of a 2x2 
improved pile group with 3D spacing in this study are 0.89 and 0.60, respectively. For 
the unimproved group, these values are 0.84 and 0.43, respectively. The set of (0.84, 
0.43) obtained in this study for the 2 × 2 pile group with 3D spacing in soft clay is 
comparable with the suggested sets of FEMA (2012), Rollins et al. (2006), and Mokwa 
and Duncan (2005) for all soils (see Table 5.1, Row 1 and Row 3+). Moreover, the set 
of (0.89, 0.60) obtained for the 2 × 2 pile group with 3D spacing in stiff clay is close to 
the suggested set by Huang et al. (2001) pile groups driven in silt and silty clay (Table 
5.4). This observation implies that using the recommendations of most agencies, as 
indicated in Table 5.1, will result in an overly conservative design of piles in improved 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































As mentioned earlier, p-multipliers should generally vary with lateral deflection 
and also by depth. However, this consideration is beyond the scope of this research. As 
it is shown below, the p-multipliers obtained in this study predict lateral load behavior 
of both improved and unimproved pile groups well and, therefore, are valid for all 
deflection ranges less than 35 cm. 
Comparing the full scale tests results of Rollins et al. (1998) and Rollins et al. 
(2006) show that they have obtained greater p-multipliers for the pile group in stiff clay 
than the group in soft to medium-stiff clay and silt (see Table 5.4).  These two pile 
groups both had a free-head condition and were tested under lateral loading in two sites 
located in Utah. The first pile group tested by Rollins et al. (1998) in soft to medium-
stiff clay and silt had a 3 × 3 arrangement, 3D spacing in both longitudinal and 
transverse directions, a 0.315 m OD pile made from steel pipe filled with  pea-gravel 
concrete, and were driven to a depth of approximately 9.1 m. The second pile group in 
stiff clay tested by Rollins et al. (2006) had a 3×5 arrangement, 3.3D spacing in both 
longitudinal and transverse directions, a 0.324 m OD pile made from steel pipe, and 
were driven to a depth of approximately 11.9 m. The key differences in these two pile 
groups that can contribute to the magnitude of p-multipliers are the clay stiffness and 
pile group arrangement. Based on their test results and other results available in 
literature, Rollins et al. (2006) proposed equations for p-multipliers. Considering the 
fact that these equations are same for 3 × 3 and 3 × 5 pile groups, the difference in p-
multipliers obtained from aforementioned tests can be reasonably related to the 
difference in clay stiffness. 
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Furthermore, suggesting a larger values of p-multipliers for pile groups in stiff 
clay than soft clay is consistent with the findings of Ashour and Ardalan (2011). They 
used the strain wedge (SW) model technique (Ashour et al. 1998) to perform lateral 
load analyses on a 3×3 pile group with 3D spacings in both longitudinal and transverse 
directions. They used two different clay profiles in their analyses and kept all other 
factors the same and obtained greater p-multipliers for the medium to stiff clay profile 
(Su = 72–144 kPa) than the soft to medium stiff clay profile (Su = 24–72 kPa). 
 
5.5 Comparing the Measured and Computed Responses 
The total lateral load versus deflection curves of the unimproved and improved 
pile groups with 3D and 7D spacings are compared with the GROUP computed curves 
in Figures 5.3 and 5.4, respectively. Generally, the agreement between the measured 
and the GROUP computed total load-deflection responses is good; however, in GU-7D 
greater deviations are observed. Some of this error may be a result of uncertainties in 
interpretation of load and deflection measurements as well as the inadequacy of the 
numerical model. The measured and computed bending moment-depth and load-
maximum bending moment curves of GU-7D (shown later), however, are in good 
agreement. Next, the responses for the leading and trailing row of piles are presented. 
Measured and computed load-deflection, maximum bending moment-load, and bending 
moment-depth responses are discussed below. These comparisons between measured 
and computed responses indicate that the lateral dimension of the CDSM layer in the 
GIL pile groups (23D) is long enough to be assumed as semi-infinite layers, an inherent 




Figure 5-3. Comparison of Measured and GROUP Computed Total Load - 



















































Figure 5-4. Comparison of Measured and GROUP Computed Total Load–
Deflection Curves for the Improved Pile Groups at 7D and 3D Spacings. 
 
5.5.1 Load – Deflection Curves 
By integrating soil reaction profiles, lateral loads carried by each pile can be 
deduced. Soil reaction (p) can be obtained by double differentiating the bending 
moment using the weighted residual method. Readers are referred to Wilson (1998) and 
Brandenberg et al. (2010) for details on applying this method to double differentiate 
discrete bending moment profiles. Figures 5.5 and 5.6 show the lateral loads carried by 
the leading and trailing row of piles of the GU pile groups at 3D and 7D spacings, 











































multipliers developed in this study are also plotted in these figures for comparison. The 
















Figures 5.7 and 5.8 depict similar plots, but for the improved GIL pile groups 
with 3D and 7D spacing, respectively. The agreement is again good, particularly 
considering the simplicity of the adjustment factor and different soils involved.  
In the GIL-7D and GU-7D groups, both leading and trailing piles carried 
approximately the same amount of loads at a given deflection. This indicates there are 









































Figure 5-6. Comparison of Measured and GROUP Computed Load - Deflection 







































Figure 5-5. Comparison of Measured and GROUP Computed Load - Deflection 
Curves for Each Row of the Unimproved Pile Group at 3D Spacing. 
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spacing, leading row of piles in GIL-3D and GU-3D carried larger loads than the 
trailing row of piles. Difference between lateral loads carried by trailing and leading 
piles is small in small deflections and gets larger as the deflections get larger. This 
indicates pile-soil-pile interactions increases as the deflection increases. The fact that 
leading row of piles carry larger portion of load than the trailing row of piles in closely 
spaced groups is in agreement with the findings of Rollins et al. (1998), Rollins et al. 





















































Figure 5-7. Comparison of measured and GROUP computed load - deflection 











































Figure 5-8. Comparison of measured and GROUP computed load - deflection 
curves for each row of the improved pile group at 7D spacing 
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5.5.2 Maximum Bending Moment–Load Curves 
Measured and computed (using the p-multipliers from this study) maximum 
bending moment-load curves for improved (GIL) and unimproved (GU) piles are shown 
in Figures 5.9-5.12. The maximum bending moment is the largest moment along the 
length of each leading or trailing row of piles in each group and the load is the total load 
carried by that pile group. Calculating maximum bending moments and the resulting 
stresses are important as they often control design of piles (e.g. number of piles). The 
agreement between measured and computed maximum bending moment versus load 

































































Figure 5-9. Comparison of Measured and GROUP Computed Maximum Bending 
















































































Figure 5-10. Comparison of Measured and GROUP Computed Maximum Bending 


















































Figure 5-11. Comparison of Measured and GROUP Computed Maximum Bending 





















































Figure 5-12. Comparison of Measured and GROUP Computed Maximum Bending 
Moment - Load Curves for Each Row of the Improved Pile Group at 7D Spacing. 
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5.5.3 Bending Moment–Depth Curves  
Bending moment versus depth curves are plotted for each row of the 3D and 7D 
pile groups in unimproved and improved soft clay in Figures 5.13–5.16. For the GIL 
and GU pile groups with the largest spacing (7D), the maximum moments for both 
leading and trailing piles are close to one another for a given deflection. Depths to the 
maximum bending moment for GU (3D and 7D) and GIL (3D and 7D) piles are about 9 
– 10D and 1– 2D below the ground surface, respectively. The bending moment 
increases with the applied deflection for all pile groups. For a given deflection, the piles 
in improved clay experience higher bending moments than those in the unimproved 
clay. This is as expected as the piles in the unimproved clay would resist considerably 
less load as compared to the piles in the improved clay at the same deflection, as 
illustrated in Figures 5.3 and 5.4. Figures 5.13-5.16 illustrate that a reduction in the pile 
spacing from 7D to 3D leads to larger bending moments being mobilized in the leading 
row of piles than the trailing row at the same amount of deflection. Although this effect 
is more pronounced at larger deflections, it can be seen even at smaller deflections for 
3D spacing. This points to pile-soil-pile interactions resulting in trailing row of piles 
carrying lower loads than the leading row of piles for 3D spacing. 
Bending moment versus depth curves computed using the program GROUP 
with the p-multipliers developed in this study are also plotted in these figures for 
comparison purposes. These comparisons show that the implemented p-multipliers in 
GROUP are capable of successfully predicting the shape of the curve and the depth to 









































































Deflection = 0.25 D
Figure 5-13. Comparison of Measured and GROUP Computed Bending 

















































Deflection = 0.25 D
Figure 5-14. Comparison of Measured and GROUP Computed Bending 

























































































































Deflection = 1.02 D
Figure 5-15. Comparison of Measured and GROUP Computed Bending 






















5.6 CDSM Block Depth Effect 
The calibrated numerical model is used to study the depth effect of the CDSM 
blocks on the lateral capacity of pile groups. As mentioned above, the lateral 
































































































Deflection = 1.02 D
Figure 5-16. Comparison of Measured and GROUP Computed Bending 
Moment - Depth Curves for Each Row of the Improved Pile Group at 3D 
Spacing. 
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The depth effect of the CDSM blocks with infinitely long lateral dimensions is 
investigated in this section. Figure 5.17 shows that in small deflection (e.g. less than 3 
cm), the depth effect on lateral resistance of pile groups is negligible. However, in large 
deflections, increasing the CDSM block depth increases the lateral resistance. When the 
CDSM block bottom reaches a certain depth, say 9D, increasing depth of CDSM block 
further has negligible effect on the lateral resistance. Therefore the dimensions of the 
CDSM blocks used in this study for GIL pile groups (23D × 23D × 9D) can be 
considered the optimum dimensions to provide the maximum increase in lateral 
resistance for the tested soil and pile conditions. For improvement depths of 2D to 4D, a 
plateau in the load-deflection curves can be seen. This is an indication that the soil in 





Figure 5-17. Depth Effect of the CDSM Block on Load-Deflection Behavior of a 




























5.7 CDSM Block Strength Effect 
Unconfined Compression Tests (UCT) were performed using multiple cement 
contents at a water/cement ratio of 1.0. The cement-improved soft clay samples were 
cured for 28 days. Cement contents of 10% (used for the CDSM blocks in this study) 
and 20% produced 760 kPa and 1270 kPa unconfined compression strengths, 
respectively. No significant increase in strength was noticed from 10% to 15% cement 
content. 20% cement content did provide a substantial increase in strength; however, the 
workability suffered with additional cement (Thompson 2011). GROUP was used to 
study the strength effect of the CDSM blocks on the lateral resistance of pile groups. 
Figure 5.18 shows the effect of the undrained shear strength on the lateral resistance of 
pile groups. The undrained shear strength (Su) is obtained by dividing UCT compressive 
strength by 2.0. CDSM blocks were assumed infinitely long and had a fixed depth of 
9D. Figure 5.18 shows that the strength effect is negligible in deflections less than 8 cm. 
In larger deflections, increasing the strength increases the resistance. When the 
undrained shear strength reaches a certain value (approximately 1000 kPa), however, 
increasing the strength has very limited effect on the lateral resistance. As the undrained 
shear strength increases, the initial stiffness (k) increases and the strain at one-half the 
maximum difference in principal stresses (ε50) decreases. The results shown in Figure 
5.18 were, however, obtained by keeping k and ε50 as same as those given in Table 5.3. 
However, additional analyses not shown here illustrated that compared to the Su effect, 
variation of k and ε50 within the typical ranges suggested for a given Su value has 
negligible effects on the lateral resistance of a pile group for large deflections. This is 
because in large deflections, the value of the ultimate soil resistance, which depends on 
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Su, controls the results. Variations in k and ε50, however, affect the response in small 




Figure 5-18. The effect of undrained shear strength of the CDSM block on the 































Su=380 kPa (This Study)





6. Chapter 6: Nonlinear Seismic Behavior of Pile Groups in Improved 
Soft Clay  
6.1 Overview 
Centrifuge tests were performed to investigate the effects of ground 
improvement on the seismic behavior of pile groups in soft clay. The centrifuge model 
was subjected to seven different earthquake events with peak accelerations (PBA) 
ranging from 0.03 to 0.66g. The transient acceleration and displacement responses of 
the structural models, their settlement, and their effect on the dissipation of excess pore 
water pressure (EPWP) are presented and discussed in detail. The series of centrifuge 
tests performed in this study, to the author’s knowledge, represent the first attempt to 
characterize nonlinear SPSI effects of pile groups in improved and unimproved soft 
clay. The centrifuge test results revealed that, compared to the surface free-field motion, 
a reduction in the amplitude of the foundation level motions of the improved pile groups 
occurred. This reduction is mostly contributed to the kinematic interaction in the pile 
group system. The foundation level motion in the unimproved pile group was, however, 
identical to that in the free-field.  Higher peak acceleration was observed in the pile cap 
for smaller CDSM block (GIS) compared to the unimproved pile cap (GU) and the pile 
cap with larger CDSM block (GIL). Higher pile cap to soil surface spectral ratio was 
also observed in the GIS pile cap in short and long periods. The period where the 
maximum spectral amplification occurred became smaller as the size of the ground 
improvement increased. Cement-Deep-Soil-Mixing was an effective method in 
reducing the peak displacements of the GIL pile cap. The peak displacements for the 
GIS pile cap were about the same as the GU pile cap. The cohesion between soft clay 
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and CDSM blocks helped to reduce the soft clay settlement in the vicinity of CDSM 
blocks compared to the free-field and in the vicinity of unimproved pile group. More 
residual excess pore water pressures were, however, generated in the vicinity of CDSM 
blocks compared to free-field and the corresponding location near the unimproved pile 
group. Some results in this chapter are also reported in Taghavi et al. (2015d) and 
Taghavi et al. (2015a). 
 
6.2 Free-Field Site Response 
In order to study seismic soil-structure interaction, it is important to obtain the 
free-field site response and compare it to structural response in time and/or frequency 
domain. This simultaneous comparison can reveal some important information about 
the nature and significance of the interaction. The free-field motion is defined as the 
motion far from the structure or any other natural or manmade irregularities (e.g. 
topography and ground improvement). Trifunac (1972) has suggested to record the free-
field motion at distances of at least one order of magnitude greater than the 
characteristic length of the foundation.  Considering the 3D center to center distance 
between piles of a group and assuming pile groups as single piles with a 4D diameter, 
this distance for the GU pile group would be 11.6 m. Furthermore, considering the 
dimensions of the CDSM blocks, free-field motions should be recorded at distances 
greater than 31.9 m and 66.7 m for the GIS and GIL pile groups, respectively. Due to 
the space limitations in the centrifuge container, however, it was not practical to record 
motions at these distances. The free-field motions recorded during these tests hence are 
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not ideal free-field motions; they were recorded as far as possible from the effects of the 
foundations and the container walls. 
Figures 6.1 and 6.2 depict the recorded free-field motions for a low intensity 
Kobe earthquake (Event B) and a high intensity Santa Cruz earthquake (Event G), 
respectively. These free-field motions were recorded at two different locations (see 
Figure 3.7a) with respect to the structural models and are presented in the forms of 
acceleration-time history and Fourier spectrum. In all shakings, the recorded free-field 
motions at these two locations are in a good agreement with each other implying these 
motions can adequately represent the free-field motions. 
As described in Chapter 3, the acceleration-time histories were filtered using a 
Butterworth bandpass filter (Taghavi et al. 2015a). The selection of corner frequency 
was based on applying smallest possible amount of filtering while obtaining realistic 
displacement and velocity time histories. A typical set of centrifuge results from a 
vertical dense accelerometer array are presented in Figures 6.3 and 6.4 during two 
scaled Kobe earthquake motions (Events A and D) with PBA of 0.026 g and 0.273 g. 
The top motions represent the free-field motions and the bottom motions are the base 
input earthquake motions. The peak acceleration is amplified 2.3 times at the ground 
surface during Event A, while it is attenuated by a factor 0.8 during Event D. A PBA of 
about 0.2 g can be considered as the point where attenuation starts to occur. At higher 
acceleration levels, the low stiffness and nonlinearity of soft clay prevent it from 
developing peak accelerations as large as those during lower acceleration levels. 








Figure 6-1. Acceleration-Time Histories and Fourier Amplitudes for Event B 



























































Figure 6-2. Acceleration-Time Histories and Fourier Amplitudes for Event G 


































































































































































































Figure 6-4. Acceleration-Time Histories in Soil Profile during Event D 
(PBA=0.273 g) 
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Figure 6.5 presents the acceleration response spectra in free-field (top) and 
container base for the scaled Kobe earthquake during Events A, B, C, and D. Figure 6.6 
shows spectral amplification factors (F) of the site as a function of period. The spectral 
amplification factors are defined as the ratio of the acceleration response spectrum 
(ARS) of the site in free field to its base in 5% damping. It can be seen that increasing 
the PBA from 0.026 g in Event A to 0.273 g in Event D has increased the fundamental 
period of the site from 0.8 s to 1.3 s. While the site has experienced attenuation in some 
periods during Events B, C, and D, amplification has occurred for nearly all periods for 
Event A. The spectral amplification factors are relatively flat in periods less than 0.3 s 
and strongly depend on the peak base acceleration level; increasing the PBA has 
decreased the spectral amplification. A relatively narrow band of amplification can be 
observed near the elastic site specific period (0.8 s) for the Event A with a maximum 
amplification of 4.0, whereas the strongest motion has decreased the amplification, 
widen the band, and lengthen this period to about 4.0 s. In periods larger than 2.0 s, 
amplification has occurred for all events and the amplification trend is opposite of what 
was seen in smaller periods. This appears to be a result of transferring the input motion 
















































































Figure 6-5. Acceleration Response Spectra (5% Damping) in Free-Field and Base 









































Figure 6-6. Site Amplification Factors 
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6.3 Foundation-Level Input Motions 
Dynamic interactions that occur between the superstructure, pile foundations, 
and geologic media surrounding pile foundations can affect the behavior of 
superstructure during an earthquake event. Vibrations of superstructure give rise to 
deformations in piles, which is called the inertial interaction. On the other hand, soil 
deformation due to the passage of seismic waves causes pile motions to deviate from 
that of a free-field, which is called the kinematic interaction. 
The importance of kinematic interaction has been recently recognized by few 
seismic codes such as the Eurocode 8 and the Italian national provisions (European 
Committee for Standardization (CEN) 2003; Ministero delle Infrastrutture 2008). 
Moreover, there is extensive research illustrating the significance of kinematic 
interaction, including field measurements and post-earthquake observations (Kim and 
Stewart 2003; Nikolaou et al. 2001; Pender 1993), and centrifuge tests (Mason et al. 
2013; Tazoh et al. 2009). In practice, however, earthquake engineers commonly just 
take the inertial interaction into account and neglect the effects caused by kinematic 
interaction.  
Kinematic interaction may significantly modify the base excitation of a 
supported structure. Therefore, the Foundation Input Motion (FIM) needed for inertial 
interaction analyses would be different from that of a free-field (Di Laora and de 
Sanctis 2013; Gazetas 1984; Kim and Stewart 2003; Pender 1993). Different factors 
affecting FIM include base-slab averaging and embedment in deep foundations. Base-
slab averaging occurs in the incidence of inclined and/or incoherent waves and 
“averages” the free-field motions within and below the foundation footprint. 
115 
Embedment also causes reduction of the peak ground acceleration and high frequency 
spectral ordinates with depth for the embedded foundation (FEMA-440 2005; Kim and 
Stewart 2003; Stewart et al. 1999). 
Because the objective of this study was to investigate the fundamental 
characteristics of the seismic behavior of pile groups in improved ground, none of the 
pile groups had a superstructure. The weight of the pile cap (footing), however, 
contributes to the inertial interaction. Hence, in interpreting the experimental 
observations of kinematic interaction, it should be noted that it is impossible to 
eliminate inertial effects and produce perfect kinematic interaction. Therefore, 
Foundation Level Motion (FLM) terminology is used to differentiate this motion from 
the theoretical Foundation Input Motion (FIM). Figure 6.7 shows the zoomed-in 
acceleration-time histories obtained from the accelerometers located in the vicinity of 
pile groups and also in free-field. In the both GIL and GIS improved pile groups, the 
accelerometers were securely embedded inside the CDSM blocks prior to curing. All 
accelerometers were buried at the same depths from the ground surface; moreover, the 
accelerometers in the vicinity of pile groups had same distances from the pile groups. 
Lower peak accelerations in FLM have been observed in both improved pile groups 
compared to the free-field motion. However, this reduction is negligible in the 
unimproved pile group. The reduction in the peak accelerations in FLM is related to the 
increased stiffness of the improved ground and kinematic interaction. This observations 
is consistent with FEMA-440 (2005) recommendation, where it says “Kinematic 
interaction effects should be neglected for soft clay sites such as Site Class E.”  
Different codes (European Committee for Standardization (CEN) 2003) and research 
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(Di Laora et al. 2013; Di Laora and Rovithis 2015; Kavvadas and Gazetas 1993; 









































































Figure 6-7. Foundation Level Motions and Their Comparison with the 
Free-Field Motion during Event A 
117 
vicinity of interfaces of alternating soft and stiff soil layers and also at the pile head 
when pile heads are restrained by a stiff cap. This is consistent with the kinematic 
interaction observed in the GIL and GIS pile groups. It is worth mentioning that the 
observed kinematic interaction in centrifuge tests is mostly contributed to the 
embedment effects as the incident waves are mostly coherent and propagate vertically. 
 
6.4 Pile Group System Response 
The acceleration, lateral displacement, settlement, and EPWP responses of the 
three pile group systems during Events A-G are presented in this section. Events A and 
B, respectively, correspond to weak and moderate shaking; whereas, Events C-G are 
strong shakings.  
 
6.4.1 Acceleration and Lateral Displacement 
Figure 6.8 compares the recorded peak horizontal acceleration (PHA) for the 
pile caps of the groups versus peak base acceleration. For reliability and repeatability 
purposes, two accelerometers were installed at similar locations on the pile caps and 
also in the soil (CDSM blocks and soft clay) near the structural models. Recordings 
from both accelerometers are presented in Figure 6.8. Compared to the GU and GIL pile 
caps, the GIS pile cap had higher peak accelerations during all events. The peak 
accelerations were almost same for the GIL and GU pile caps during scaled Kobe 
earthquakes and were somewhat higher for the GIL pile cap during very strong Santa 
Cruz earthquakes (Events F and G). For a given pile group, PHAs were higher for Kobe 
motions than Santa Cruz Motions. Increasing the peak base acceleration decreased time-
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domain amplification ratios (ratio of the peak pile cap acceleration to peak base 
acceleration). This nonlinear behavior is consistent with the range of structural model 
periods, soil profile periods, and frequency content of the base motion. The nature of 


















Figure 6.9 depicts the recorded peak horizontal displacement (PHD) of the pile 
caps versus peak base acceleration. Displacement values were obtained by double 
Figure 6-8 Variation of Peak Horizontal Acceleration (PHA) of Pile Cap with Peak 





















































































integration of accelerations. As discussed in Chapter 3, there is a good agreement 
between the transient displacement-time histories measured by LPs and calculated by 
double integration of acceleration values. Similar to the acceleration responses observed 
in Figure 6.8, higher peak displacements were obtained for all pile caps during scaled 
Kobe earthquake than scaled Santa Cruz earthquakes. Cement-deep-soil-mixing was an 
effective method in reducing the peak displacements of the GIL pile cap. The peak 













































































































Figure 6-9. Variation of Peak Horizontal Displacement (PHD) of Pile Caps with 
Peak Base Input Acceleration (PBA) during Different Scaled Kobe and Santa Cruz 
Earthquakes 
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Figure 6.10 shows acceleration response spectra of the three pile caps during 
Events A-D. Increasing the shaking level from Event A to event D has increased the 
fundamental period in all three pile caps. This increase was larger for the GU pile cap 
and was much smaller for the GIL pile cap (except Event D). Two significant spectral 
acceleration peaks were developed in the GIL pile cap during Events C and D. In Event 
D, the fundamental period has shifted from the first peak to the second peak indicating 
dominance of a second mode of vibration.  Higher spectral acceleration responses were 
obtained for the GIS pile cap during all events. Figure 6.11 shows the normalized 
acceleration response spectra of Kobe with PBA of 0.27g (Event D) and Santa Cruz 
with PBA of 0.21g (Event E) earthquakes. Higher spectral acceleration can be seen in 
the period range of 0.3s-3.0s in Kobe motion than Santa Cruz motion. This period range 
corresponds to the fundamental period range of structural models and explains why the 
pile caps have experienced higher peak acceleration during scaled Kobe earthquakes. 
These observations indicate the response of pile caps is strongly affected by the 
frequency content of base motion and the level of shaking. 
Figure 6.12 illustrates acceleration spectral ratios obtained by dividing soil 
acceleration response spectra in the immediate vicinity of pile groups to that of base 
motion. The spectral ratios are obtained for the Events D and G. This figure shows that 
spectral ratios and variation patterns of all three pile group systems are almost similar. 
An attenuation in periods less than 1 s followed by amplification in longer periods were 
observed. Relatively lower spectral ratios were obtained for the GIL pile group system 
during both Kobe and Santa Cruz earthquakes. The comparisons shown in Figure 6.12 
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indicate that while motions near all pile groups are similar, the CDSM block of the GIL 















































































Figure 6-11. Normalized Base Input Acceleration Response Spectra for Event D 






































































































Figure 6-12. Spectral Acceleration (Damping =5%) Ratios of the Soil 
in the Immediate Vicinity of Pile Groups to the Base Input Motion 
during Event D (Kobe) and Event G (Santa Cruz) 
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Spectral acceleration ratios are also presented in Figure 6.13 for the pile caps 
with respect to the surface soil in the vicinity of pile groups. Several trends are evident 
from the spectral ratio plots. First, in short periods, the GIS group has experienced 
higher amplification than the GIL and GU groups, especially for Event D. The GIL 
amplification in short periods was lowest during Event D but was between the GIS and 
GU during Event G. Second, the maximum amplification was higher in the GIS pile 
group than the GIL and GU pile groups. The period where maximum amplification 
occurs becomes smaller as the dimensions of the CDSM block increases; that is, the 
GIL has the lowest period and the GU has the longest period. Third, much wider 
amplification bands can be observed for the GIS pile group near the fundamental period 
of the site. Forth, the GIS amplification was slightly higher than GIL and also GU in 
longer periods. In both events, the GIL amplification was lowest in periods longer than 
0.8 s. These observations confirm the measured larger GIS pile cap responses during 


















































































Figure 6-13. Spectral Acceleration (Damping =5%) Ratios of the Pile 
Caps to the Soil in the Immediate Vicinity of Pile Groups during 
Event D (Kobe) and Event G (Santa Cruz) 
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6.4.2 Settlement 
Figure 3.7(a) shows the vertical LPs installed on the CDSM block of the GIL 
pile group, in soft clay in the vicinity of CDSM blocks, and in the free-field. Figure 6.14 
compares the measured settlement during Events D and G. The GIL CDSM block has 
experienced the minimum amount of settlement during both events. It also appears that 
the cohesion between CDSM blocks and soft clay has reduced the settlement in the 
vicinity of the GIL and the GIS CDSM blocks compared to similar locations near the 
GU pile group. Increasing dimensions of CDSM blocks increases the cohesion and 
therefore less settlement has occurred in soft clay in the vicinity of the GIL than the GIS 
pile group. The free-field settlement is less than soft clay settlement in the vicinity of 
both GIS and GU pile groups during Event D and is comparable with that in the GU 






















































6.4.3 Excess Pore Water Pressure (EPWP) 
The locations of PPTs used for measuring EPWP are shown in Figure 3.7(a). All 
PPTs were located at 1.6m depths (almost mid-height of the top clay layer). The GIL 
and GIS PPTs were located at the similar lateral distances (0.9 m) from the CDSM 
blocks. The same distance (0.9 m) but from the outer edge of pile group was used for 
the PPT of the GU pile group. Figure 6.15 compares the measured EPWP at the 
aforementioned locations and in free field during Events D and G.  For comparison 
purposes, initial vertical effective stress is also calculated and shown at the location of 





















Figure 6-14. Measured Settlements in Free-Field, Near the Pile 
Groups, and on the CDSM Block of the GIL Pile Group during (a) 
Event D (Kobe); and (b) Event G (Santa Cruz) 
(b) 
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blocks than the corresponding location in the GU pile group or in the free-field. It 
appears vibrations of CDSM blocks and elongation of seepage path in the vicinity of 
CDSM blocks have caused an increase in the EPWP. The residual EPWP is also 
somewhat higher near the GU pile group than the free-field. Residual EPWP ratio (ru) is 
defined as the ratio of average residual EPWP to the initial vertical effective stress. The 
residual ru values during event G for the GIL, GIS, GU, and free-field were 0.19, 0.18, 


































Figure 6-15. EPWP-Time Histories in Free-Field and Near the Pile Groups during 


































σˊvo = 13 kPa
(b) 
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7. Chapter 7: FEM Analyses of Dynamic Soil-Pile-Structure 
Interaction in Improved Soft Clay 
7.1 Overview 
TeraDysac (Muraleetharan et al. 2003), a three-dimensional parallel computer 
code, is used for two-dimensional numerical modeling of pile groups in unimproved 
and improved soft clay under base shaking in centrifuge tests. TeraDysac is developed 
using the TeraScale framework (ANATECH Corp. 2001) and solves the fully coupled 
dynamic governing equations for saturated (Muraleetharan et al. 1994) and unsaturated 
(Ravichandran 2005) porous media. The main objectives of this preliminary numerical 
analyses are to compute the seismic response of pile groups in unimproved and 
improved soft clay in centrifuge tests in a fully coupled manner; and compare the 
computed results with centrifuge test results and thereby validate TeraDysac.  
 
7.2 Soil Element  
The soils modeled in this study are assumed to be saturated, but capabilities 
exist to model unsaturated soils in TeraDysac (Ravichandran 2005). The formulation of 
the governing equations can be found in Muraleetharan et al. (1994). Pore water 
pressure is assumed positive in compression. Tensile normal stresses and strains are 
assumed positive. Four-noded, isoparametric, uniform gradient elements are used in this 
study. Nodal variables per node are two soil skeleton and two fluid displacements.  
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7.3 Constitutive Models 
7.3.1 Bounding Surface Model for Clays 
In TeraDysac, stress–strain behavior of the soil skeleton can be described by the 
isotropic linear elastic model and bounding surface elastoplastic models. Dafalias and 
Herrmann (1986) bounding surface plasticity model was used for soft clay and CDSM 
improved clay (see Figure 7.1). The bounding surface is comprised of two ellipses and a 
hyperbola. During loading, inelastic deformations occur for stress points within and on 
the bounding surface. Unloading is treated as a purely elastic phenomenon. A radial 
mapping rule is used to relate the actual stress point (I, J) to an “image” stress point on 
the bounding surface (𝐼 ,̅ 𝐽)̅. The value of the plastic modulus depends on the distance 
between the actual stress point and the “image” stress point. 
 
Figure 7-1. Schematic Illustration of Bounding Surface and Radial Mapping Rule 
in Stress Invariants Space (Dafalias and Herrmann 1986) 
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The bounding surface model was calibrated based on the results of different 
laboratory tests including oedometer tests and CIUC and CIUE triaxial test results 
(Thompson 2011). The calibrated parameters are given in Tables 7.1 and 7.2. 
Laboratory test results revealed that using an overconsolidation ratio (OCR) of 24 can 
reasonably capture the important characteristics of the stress-strain relationship of the 
CDSM improved clay used in this study.  
 
Table 7-1. Calibrated Model Parameters for Soft Clay 
Property Symbol  Value 
 
Traditional Model Parameters 
 
  
Slope of the isotropic consolidation line on 𝑒 − ln 𝑝, space λ 0.14 
Slope of the elastic rebound line on 𝑒 −  ln 𝑝,space κ 0.029 
Slope of the critical state line in 𝑞 −  𝑝, space (compression) Mc 1.0 
Ratio of extension to compression value of M Me/Mc 0.83 
Poisson’s ratio ν 0.3 
   
Bounding Surface Configuration Parameters 
 
  
Parameter defining ellipse 1 in compression Rc 2.5 
Parameter defining the hyperbola in compression Ac 0.1 
Parameter defining ellipse 2 (the tension zone)   T 0.05 
Projection center parameter C 0.2 
Elastic nucleus parameter S 1.2 
Ratio of triaxial extension to triaxial compression value of R Re/Rc 1.0 
Ratio of triaxial extension to triaxial compression value of A Ae/Ac 1.0 




Shape hardening parameter in triaxial compression hc 1.0 
Ratio of triaxial extension to triaxial compression value of h he / hc 1.0 





Table 7-2. Calibrated Model Parameters for Improved Clay 
Property Symbol  Value 
 
Traditional Model Parameters 
 
  
Slope of the isotropic consolidation line on 𝑒 − ln ?́? space λ 0.045 
Slope of the elastic rebound line on 𝑒 −  ln ?́? space κ 0.0027 
Slope of the critical state line in 𝑞 −  ?́? space (compression) Mc 3.0 
Ratio of extension to compression value of M Me/Mc 0.4667 
Poisson’s ratio ν 0.3 
   
Bounding Surface Configuration Parameters 
 
  
Parameter defining ellipse 1 in compression Rc 2.0 
Parameter defining the hyperbola in compression Ac 0.1 
Parameter defining ellipse 2 (the tension zone)   T 0.05 
Projection center parameter C 0.0 
Elastic nucleus parameter S 1.0 
Ratio of triaxial extension to triaxial compression value of R Re/Rc 1.0 
Ratio of triaxial extension to triaxial compression value of A Ae/Ac 1.0 




Shape hardening parameter in triaxial compression hc 200.0 
Ratio of triaxial extension to triaxial compression value of h he / hc 1.0 
Hardening parameter for states in the vicinity of I-axis h0 200.0 
 
Permeability of unimproved clay was obtained using the following equation: 








where Cv is the coefficient of consolidation and was obtained by oedometer tests for 
different initial vertical stresses. A Cv value of 4.5 × 10
-8 m2/s corresponding to the 
average effective stress in the unimproved clay layer was utilized. Permeability of clay 
layer was found to be 7.0 × 10-10 m/s. Same procedure was used for improved clay and 
the permeability was found to be 2.89 × 10-10 m/s. 
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7.3.2 Linear Elastic Model for Sand 
In order to simplify calculations and reduce computational time, dense sand 
layer was modeled as an isotropic linear elastic material. Considering high relative 
density of this layer, linear elastic assumption seems reasonable for the problem studied. 
For the linear elastic problems, only Young’s modulus and Poisson’s ratio are required.  
Poisson’s ratio for the dense Nevada sand was set to 0.3 (Muraleetharan et al. 2004). 




















The values used for λ and κ were 0.009 and 0.002, respectively (Muraleetharan et al. 
2004). The average young’s modulus was found to be 45575 kPa. The value used for 
combined bulk modulus of water and soil grains was 2.2 × 106 kPa. A permeability 
value of k = 2.30 × 10-5 m/s was used for the dense sand layer (Arulmoli et al. 1992). 
 
7.3.3 Initial Stress States 
 
In analyzing a problem with an elasto-plastic model, the first and foremost task 
is to simulate the loading history as accurately as possible, so that the values of stresses 
and plastic internal variables could be established at different stages of loading. The 
initial vertical stresses were obtained by multiplying the unit weight of soil to mid-depth 
of the element. By multiplying initial vertical stresses by K0, the coefficient of earth 
pressure at rest, horizontal stresses were obtained for each element. 
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K0 for normally consolidated clay was calculated using the following equation 
(Massarsch 1979). 
𝐾0 = 0.44 + 0.42 𝑃𝐼/100 Equation 7-4 
K0 values for normally consolidated clay layers of this study were found to be about 
0.52. Equation 7-5 can be used to obtain K0 for overconsolidated improved and 
unimproved clay (Das 2010; Michalowski 2005). 
𝐾0(𝑂𝐶) = 𝐾0(𝑁𝐶) × √𝑂𝐶𝑅 Equation 7-5 
Jaky (1948) equation was used to obtain K0 for sand (Das 2010; Michalowski 2005). 
𝐾0 = 1 −  sin 𝜑 Equation 7-6 
 
7.4 Beam Element  
In TeraDysac, piles and pile caps are modeled using low order Timoshenko 
beam elements (Krier 2009). The low order element is compatible with the four node 
quadrilaterals and eight node hexagonal soil elements, which have a linear variation of 
displacement between nodes. The nodal unknowns for a pile element are solid 
displacements and rotations. In the simulations presented in this paper, the pile elements 
are tied to the soil elements, i.e., no interface elements were used. Figure 7.2 illustrates 
two beam elements and adjoining soil elements. Relatively rigid horizontal beam 
elements were used to connect the piles and provide fixed-end conditions (see Figures 
7.3 and 7.4). In order to model the pile cap and reasonably capture the inertial forces, 
vertical beam elements with a total height and mass equal to those of the pile cap in the 
centrifuge tests were rigidly connected to the mid-section (node) of the horizontal beam 
136 
elements. The flexural stiffness of the beam elements modeling the pile cap was same 
as that for the pile cap in the centrifuge tests.  
 
 
Figure 7-2. Soil and Beam Elements 
 
In order to approximate the 3D behavior using a 2D FEM model in the current 
study, the two-by-two group of piles was represented by two piles, each having twice 
the axial and bending stiffness of a single pile (Chang et al. 2013; Krier 2009; Zhang et 
al. 2008). 
 
7.5 Numerical Integration  
A three-parameter time integration scheme called the Hilber-Huges-Taylor α-
method (Hilber et al. 1977) is used, together with a predictor multi-corrector algorithm, 
to integrate the spatially discrete finite element equations (Muraleetharan et al. 1994). 
This time integration scheme provides quadratic accuracy and desirable numerical 
damping characteristics to damp the high-frequency spurious modes. 
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In the  α-method, the relationships between acceleration, velocity, and 
displacement are controlled by the time-integration parameters α, β, and γ. If the three 
parameters are chosen such that -1/3 ≤ α ≤0; γ = ½ (1-2α); and β = ¼ (1-α)2, then this 
method produces a quadratic accuracy and desirable numerical damping characteristics 
to damp the high-frequency spurious modes (Muraleetharan et al. 1994). 
 
7.6 Finite Element Mesh  
The finite element meshes for the GU and GIL pile groups are shown in Figures 
7.3 and 7.4. Kuhlemeyer and Lysmer (1973) showed that for accurate modeling of wave 
propagation through a model, the spatial element size, Δl, must be smaller than 
approximately one-tenth to one-eighth of the wavelength associated with the highest 
frequency component of the input wave. Considering a maximum frequency of the 
filtered base motion equal to 15 Hz, this recommendation was met in determining 
element sizes in this study. Based on the sensitivity analyses, it was found that using 
3324 and 3126 elements to model the GU and GIL pile groups, respectively, gives 
satisfactory results. The dimensions of FE model were same as the centrifuge model. 
With respect to the x-y-z coordinate system shown in Figures 7.3 and 7.4, the soil is 
taken to be a meter thick in the z-direction. The pile foundations were located at the 
same locations as the centrifuge model. Except the nodes at the surface, all surrounding 
nodes of the soil medium were impervious. The ground water level was set at the 
surface during the analyses, similar to the centrifuge experiments. In order to simulate 
1D wave propagation in 2D space, nodes on the two vertical boundaries at the same 
elevation were assumed to have the same motion using the master/slave node technique. 
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The bottom nodes were fixed in both the horizontal and vertical directions (Taghavi and 
Muraleetharan 2012). The acceleration time history of Event B (Kobe earthquake with 
peak base acceleration of 0.066g) recorded in the centrifuge test at the base of the 
container was applied as the base motion to the meshes shown in Figures 7.3 and 7.4. 
 
Figure 7-3. Finite Element Mesh for the GU Pile Group 
 
 


















































7.7 Comparison of FEM and Centrifuge Tests Results 
The two-dimensional, plane strain, finite element models of the improved and 
unimproved pile groups shown in Figures 7.3 and 7.4 were analyzed. The meshes 
shown in these figures are intended to be a sectional plane of the centrifuge model 
container through the center of pile group and parallel to the direction of shaking. In 
order to reduce the computational time, only the strong motion part of the acceleration 
(15-second long) is used in the analyses (see Figure 7.5). From the end of this strong 
motion, a free vibration analysis is carried out for another 30 seconds. 
The results obtained from centrifuge tests are compared with the TeraDysac 
results. Figures 7.6-7.16 compare acceleration-time histories, acceleration response 
spectra, displacement-time histories, and EPWP-time histories in the free-field and also 
on or near the GU and GIL pile groups. It can be observed that the TeraDysac results 
agree reasonably well with the centrifuge test results in most cases. For example, the 
peak value of the accelerations at the GU and GIL pile caps were experimentally found 
to be 0.24 g and 0.21 g, respectively, in centrifuge tests, and it is computed to be 0.22 g 
and 0.23 g by the TeraDysac analysis. The peak acceleration value in free field is 
overestimated in the TeraDysac analyses. The acceleration peaks after shaking (beyond 
15 s) is also overpredicted. This is because all energy dissipation mechanisms such as 
gapping are not considered or modeled properly in the TeraDysac analyses. 
Furthermore, material damping provided by the bounding surface model may not be 
sufficient. 
It may be observed that the experimental response spectra of accelerations at the 
pile caps and free-field compare reasonably well with the corresponding theoretical 
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response spectra. The peak spectral acceleration value in free-field is overestimated; 
however, it is underestimated in the GU pile cap. The peak spectral acceleration value 
of the GIL pile cap matches well with the measured value. 
There is a good agreement between the measured and computed peak 
displacement values.  For example, the peak value of the displacements at the GU and 
GIL pile caps were experimentally found to be 8.3 cm and 4.8 cm, respectively, in 
centrifuge tests and it is computed to be 8.7 cm and 6.9 cm by the finite element 
analysis. Both centrifuge test results and TeraDysac analyses show a reduction in the 
peak displacement value of the improved (GIL) pile cap. The residual displacements of 
the GU and GIL pile caps predicted by the finite element method are 3.2 cm and 2.8 cm, 
respectively. Because accelerometers are not capable of measuring permanent 
displacements, no residual displacements were measured by the accelerometers. In 
contrast to the centrifuge test results, larger amplitude displacements and accelerations 
are observed in the TeraDysac predictions during free vibrations (after 15 s of the 
excitation by the input motion). These large amplitude displacements are again related 
to gapping and not enough material damping modeled in TeraDysac. 
It may be observed that the experimental EPWP-time histories in the free-field 
and in the vicinity of the GU and GIL pile groups compare reasonably well with the 
corresponding TeraDysac predictions. The locations of PPTs used in the centrifuge tests 
are depicted in Figure 3.7(a) and are explained in Section 6.5.3. The peak value of the 
EPWP in the free-field and the vicinity of GU pile group was experimentally found to 
be 4.7 kPa and 5.0 kPa, respectively, in centrifuge tests and it is computed to be 3.1 kPa 
and 6.2 kPa by the finite element analysis. The residual EPWPs in the free-field and the 
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vicinity of GU pile group were experimentally found to be 2.0 kPa and 1.4 kPa, 
respectively, in centrifuge tests and computed to be 2.0 kPa and 1.1 kPa by the finite 
element analysis. The computed EPWP-time history in the vicinity of the GIL pile 
group is depicted in Figure 7.16. Due to malfunctioning of the PPT in this location 
during Events A and B, the measured data were not available.  The peak and residual 
computed EPWP were 5.23 kPa and 0.9 kPa, respectively.  
Considering the implemented approximate procedure in 2D FEM modeling of 
the studied 3D dynamic soil-structure interaction problem, it can be concluded that the 































































Figure 7-6. Measured (A39) and Computed (Node 1357) Acceleration-Time 
Histories in the Free-Field during Event B. (The Computed Response is obtained 





















































Figure 7-7. Measured (A39) and Computed (Node 1357) Acceleration Response 
Spectra in the Free-Field during Event B. (The Computed Response is obtained 





































Figure 7-8. Measured (P12) and Computed (Element 441) EPWP-Time Histories 






































































Figure 7-9. Measured and Computed Acceleration-Time Histories of the GU Pile 






























Figure 7-10. Measured and Computed Acceleration Response Spectra of the GU 















































































Figure 7-11. Measured and Computed Displacement-Time Histories of the GU Pile 



































Figure 7-12. Measured (P10) and Computed (Element 273) EPWP-Time Histories 





































































Figure 7-13. Measured and Computed Acceleration-Time Histories of the GIL 





























Figure 7-14. Measured and Computed Acceleration Response Spectra of the GIL 













Figure 7-16. Computed (Element 123) EPWP-Time History in the vicinity of the 
















































































Figure 7-15. Measured and Computed Displacement-Time Histories of the GIL 
Pile Cap during Event B 
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7.8 Global Responses of the Pile Groups in Unimproved and CDSM Improved Soft 
Clay 
Deformed meshes during the GU and GIL analyses are presented in this section. 
Selected contours of shear stresses and EPWP are also presented.  
 
7.8.1 Model Deformation 
The deformed shapes of the GU and GIL pile groups are shown at t=6.00s and 
t=6.75s in Figures 7.17 and 7.18, respectively. At t=6.75s, the maximum acceleration 
occurs in the free-field at the ground surface. The scale exaggeration factor for the 
deformed meshes is 50. Comparison of the deformed meshes of the GU and GIL pile 
groups reveals that ground improvement reduces deformations of the soil profile 
(especially at the top clay layer near the piles) and also the GIL pile foundation. During 
both movements to the left and right, the CDSM block moves as a relatively rigid body. 




Figure 7-17. Deformed Meshes of the GU (Top) and the GIL (Bottom) Pile Groups 






Figure 7-18. Deformed Meshes of the GU (Top) and the GIL (Bottom) Pile Groups 
at t=6.75 s 
 
 
7.8.2 Shear Stresses 
Based on Figure 7.19, shear stresses are concentrated between the group piles, in 




Figure 7-19. Contours of Shear Stress for the GU (Top) and GIL (Bottom) Pile 
Groups at t=6.75 s 
 
7.8.3 Excess Pore Water Pressure (EPWP) 
Similar EPWP contours are obtained for both pile groups (see Figure 7.20). 
Deeper soft clay layers have experienced greater EPWP than the shallower layers.  The 
maximum positive EPWP occurs in the interface of dense sand and bottom soft clay 




Figure 7-20. Contours of Excess Pore Water Pressure for the GU (Top) and GIL 
(Bottom) Pile Groups at t=6.75 s 
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8. Chapter 8: Conclusions and Recommendations 
8.1 Overview 
Centrifuge model tests were performed to increase our understanding of the 
quasi-static and seismic lateral load behavior of pile groups in CDSM improved and 
unimproved soft clay. The pile groups had a symmetrical plan layout consisting of 2×2 
piles spaced at 3 and 7 pile diameters (D). The quasi-static lateral load behavior was 
simulated using the concept of Beam on Nonlinear Winkler Foundation implemented in 
the finite difference codes GROUP and LPILE. The seismic behavior of pile groups in 
unimproved and improved pile groups were modeled using a 2D plain strain, fully 
coupled, nonlinear finite element method implemented in the computer code 
TeraDysac. The following conclusions can be made based on this research for the soil 
and pile conditions investigated. 
 
8.2 Conclusions 
Cement Deep Soil Mixing is an effective ground improvement method. CDSM 
increased the lateral resistance of pile groups at 7D spacing by about 157%. At the same 
deflection, the lateral resistance of the 3D pile groups increased by 112%. Increasing 
the lateral dimensions of CDSM blocks increased the lateral resistance of pile groups. 
The load–deflection responses of piles in improved soft clay were significantly stiffer 
than those in the unimproved soft clay. In both pile groups at 3D spacing in improved 
(GIL-3D) and unimproved soil (GU-3D), the leading row of piles carried larger loads 
than the trailing row of piles. Moreover, for a given deflection, the maximum bending 
moment in the leading row of piles was also larger than that of the trailing row of piles. 
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Increasing the deflection increased the difference between maximum bending moments 
in the leading and trailing row of piles. The maximum bending moments were about the 
same in the leading and trailing row of piles for the 7D groups. The pile-soil-pile 
interactions in 3D groups led to the above described differences. The bending moment 
profiles show that the depth to the maximum bending moment for unimproved pile 
foundations and improved pile foundations were at about 9 – 10D and 1– 2D below the 
ground surface, respectively. At the same deflection, the piles in improved soil 
experienced higher bending moment than the piles in unimproved soil. At a deflection 
of about 80 cm, the CDSM block of the GIL-3D pile group failed in tension. The cracks 
first formed near the surface, perpendicular to the direction of loading, at the interface 
between the piles and the CDSM block and then propagated to the outside and through 
the depth until the CDSM block fractured. 
Using the centrifuge test results the p-multipliers for pile groups in CDSM 
improved and unimproved soft clay were back-calculated. The p-multipliers account for 
the reduced soil resistance due to overlapping of shear zones in piles of a group. The p-
multipliers “squash” the p-y curve of an isolated single pile to obtain those for a pile in 
a group. Centrifuge test results and analyses revealed that the computer codes LPILE 
and GROUP, utilizing the p-multipliers developed in this study, were able to simulate 
the lateral load behavior of single and group piles satisfactorily. The p-multipliers for 
the leading row of piles are greater than those for the trailing row of piles indicating that 
more overlapping between shear zones occur for the trailing row of piles. Increasing the 
center-to-center pile spacing from 3D to 7D increased the p-multipliers. No pile-soil-
pile interaction was observed in pile groups with 7D spacing in both improved and 
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unimproved soft clay. The p-multipliers for stiff clay were greater than those for soft 
clay. This finding is in agreement with the previous strain wedge model analyses and 
also with the p-multipliers obtained from different full scale test results of similar pile 
groups. Assuming same p-multipliers for all clays and neglecting clay stiffness will 
result in a relatively conservative design of pile groups in stiff clay. The p-multipliers 
obtained for the pile group in soft clay are in good agreement with those suggested by 
FEMA (2012), Rollins et al. (2006), and Mokwa and Duncan (2005) for all soils. The p-
multipliers obtained in this study for the 2 × 2 pile groups in stiff clay are higher than 
those recommended by AASHTO (2012), FEMA (2012), US Army (1993) and most 
other recommendations for all soils. The p-multipliers recommended by these agencies 
appear to be relatively conservative. The stiff clay p-multipliers are, however, 
comparable with those obtained by Huang et al. (2001) in a stiff silt and silty clay site. 
For the soil and pile conditions tested, lateral and vertical dimensions of the 
CDSM blocks (23D × 23D × 9D) in the GIL pile groups can be considered the optimum 
to provide the maximum lateral resistance under quasi-static loading conditions. 
Moreover, for depths greater than 9D, the depth effect on lateral resistance was 
negligible. At deflections smaller than 8 cm, the undrained shear strength of CDSM 
blocks does not influence the lateral resistance of pile groups. At larger deflections, 
increasing the undrained shear strength of CDSM blocks can increase the lateral 
resistance of pile groups; however, this effect becomes negligible for undrained shear 
strengths greater than about 1000 kPa. 
Considering free-field site conditions during shakings, test results revealed that 
the peak base acceleration was amplified at the ground surface during low-amplitude 
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base motions, while it was attenuated during high amplitude base motions indicating the 
nonlinearity of the soil profile. Increasing the peak base acceleration increased the 
fundamental period of the site. Compared to the surface motion in the free-field, a 
reduction in the amplitude of the foundation level motions of the improved pile 
foundations was observed, which is attributed to ground improvement and kinematic 
interactions. This observation is consistent with the Eurocode 8 recommendations and 
also with previous research results where the significance of kinematic interaction in the 
vicinity of interfaces of alternating soft and stiff soil layers is reported. Contrary to the 
common practice in earthquake engineering design where engineers and designers 
neglect kinematic interaction, the results of this research strongly suggest taking these 
effects into account. The foundation level motion of the unimproved pile group was 
identical to the surface free-field motion.  This observation is consistent with FEMA-
440 recommendations in neglecting kinematic interaction in soft clay sites. Dimensions 
of the CDSM block is an important factor in seismic design of improved pile groups. 
Higher peak acceleration was observed in the GIS pile cap compared to the GIL and 
GU pile caps. The GU and GIL had almost same peak accelerations. Greater pile cap to 
soil surface spectral ratio was observed in the GIS pile cap in short and long periods 
compared to the GIL and GU pile caps. The maximum spectral amplification was 
higher in the GIS pile cap. The period where the maximum spectral amplification 
occurred became smaller as the size of the ground improvement increased. The pile cap 
response was dependent on the frequency content of input motion. Spectral response 
acceleration of Kobe earthquake was higher than Santa Cruz earthquakes in the period 
range of 0.3-3.0 s. This period range corresponded to the fundamental period of pile 
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caps and explained why higher accelerations were observed during Kobe earthquake 
than Santa Cruz earthquake with the same peak base acceleration. Increasing the 
shaking level increased the fundamental period of pile cap. This increase was more for 
the GU and was less for the GIL pile cap. CDSM was an effective method in reducing 
the peak displacements of the GIL pile cap during all weak and strong motions. The 
peak displacements of the GIS pile cap remained about the same as the GU pile cap. 
The GIL CDSM block also experienced less settlements compared to all other locations 
of the model where settlement was measured. The cohesion between soft clay and 
CDSM blocks helped to reduce the soft clay settlement in the vicinity of CDSM blocks 
compared to the free field and in the vicinity of the unimproved pile group. Increasing 
dimensions of CDSM block reduced the soft clay settlement in the vicinity of the 
blocks. More residual EPWP was, however, generated in the vicinity of CDSM blocks 
compared to free-field and corresponding location in the unimproved pile group. 
Vibrations of CDSM blocks and elongation of seepage path are thought to be the 
contributing factors. 
Two dimensional, plain strain, fully coupled, nonlinear, dynamic finite element 
analyses were performed using the computer code TeraDysac to study the seismic 
behavior of the pile groups in more detail. Dynamic centrifuge tests during Event B 
were simulated. Dafalias and Herrmann (1986) bounding surface constitutive model 
was used to model the stress-strain behavior of soft clay and CDSM block. A linear 
elastic model was also used to model the stress-strain behavior of dense sand layer. 
Beam elements were used to model pile cap and piles. Spectral acceleration responses 
as well as acceleration-time, displacement-time, and EPWP-time histories in free-field 
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and in the GU and GIL pile caps were computed and compared with the measured 
values. There was a satisfactory agreement between the measured and TeraDysac 
computed responses. The TeraDysac model was able to predict the peak values and 
variation trends of acceleration, displacement, and EPWP responses. TeraDysac 
analyses revealed that stress concentration occurred in the CDSM block. The negative 
EPWP in the CDSM block was illustration of dilative behavior of stiff clay. 
 
8.3 Recommendations for Future Research 
The seismic and quasi-static lateral load behavior of pile groups in unimproved 
and improved soft clay is a complex problem. Research in the following areas can help 
provide further insight into this problem. 
 
8.3.1 Centrifuge Modeling 
Centrifuge tests can be performed to study the seismic and quasi-static lateral 
load behavior of pile groups under different complex conditions. The following 
potential research areas can be investigated using these tests: 
 Comparing different ground improvement techniques on the seismic and quasi-
static behavior of pile foundations. These techniques include jet grouting, 
Cement-Deep-Soil-Mixing, replacement of surface clay with a compacted 
granular material; and constructing walls to increase the passive forces on the 
embedded pile cap. 
  Analyze the behavior of pile foundations under combined torsional, axial, and 
lateral loading; 
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 Analyze the dynamic interaction of different adjacent pile groups as foundations 
of a geo-structural system (e.g. a bridge);  
 Quantify and characterize kinematic and inertial interaction effects; 
 Obtain p-multipliers in large pile groups in improved and unimproved ground; 
and 
 Analyze different factors affecting p-multipliers 
In order to improve centrifuge tests, it is recommended to use a more dense 
instrumentation array of strain gages to provide more detailed information on the 
distribution of bending moments and back-calculate experimental p-y curves along the 
piles. Performing more centrifuge tests can quantify container or instrument interaction 
effects. Quantifying these limitations can help with better interpretation of test results. 
Performing more centrifuge tests can also show the repeatability of test results.  
 
8.3.2 Advanced Computational Modeling 
Most of the research conducted on the seismic behavior of pile foundations has 
been studied through Winkler type models, finite element methods (FEM), and 
boundary element methods (BEM). Each of these techniques has their own advantages 
and disadvantages. FEM has proven effective in solving problems with bounded 
domains, particularly when inhomogeneities and nonlinear effects should be treated. For 
domains of infinite extensions, however, standard finite elements discretization leads to 
wave reflections at the boundaries of the FE mesh, which can be partly eliminated for 
some cases, by using so-called transmitting, silent and nonreflecting viscous 
boundaries. BEM has shown to be a very powerful numerical technique for linear and 
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homogeneous materials for both bounded and unbounded domains, and does not require 
domain discretization, which can be an advantage in many practical applications. Since 
this method automatically satisfies the radiation conditions at infinity, there is no need 
to model the far field in problems with semi-infinite or infinite domains. To utilize the 
advantages of both FEM and BEM, a combination of these techniques seems ideal. 
There are different methods to combine these two techniques. Treating a boundary 
element region as a finite element and combining with finite element is an appropriate 
method which enables the applicability of nonlinear analysis. In the bounded region, the 
finite element formulation can discretize the pile and soil and enforce the boundary 
conditions at interfaces. Implementing appropriate interface elements capable of 
capturing gapping between pile and soil, and also using improved bounding surface 
models capable of capturing enough material damping would result in accurate 
predictions of the lateral load behavior of pile foundation systems. Through this direct 
method of seismic analyses, future research can investigate the 3D response of pile 
groups to vertically and obliquely propagating incident seismic waves in homogeneous 
and non-homogeneous media. This method will be able to capture translational, 
torsional, and rocking modes of vibration.   
 
8.3.3 Simplified Computational Modeling 
Studying the seismic behavior of pile foundations using the substructure 
procedure is another recommended future research area.  In this method, pile foundation 
impedances are determined by performing soil-pile interaction analyses considering 
group interaction effects. The superstructure model is then analyzed using these 
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impedances and input motions obtained from free-field. The Beam on Nonlinear 
Winkler Foundation (BNWF) model is a powerful tool in this area which is capable of 
analyzing the soil–pile interaction and characterizing kinematic and inertial interactions.  
This method can produce results of remarkable accuracy in much less time compared to 
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A. Appendix A: Detailed Instrumentation Layout 
 
The detailed instrumentation layout of the second series of centrifuge tests is presented 







Figure A-1. Detailed Cross Sections and Plan View of the Centrifuge Model Set-Up 






Table A-1. Coordinates of the Instruments 
Instrument Type Position Units 
  
x y z 
 
AF1 ICP Accelerometer 1896.7 -182.8 736.94 mm 
AF2 ICP Accelerometer 1896.7 860.2 736.94 mm 
AF3 ICP Accelerometer 1896.7 380.7 769.31 mm 
A4 ICP Accelerometer 928.65 226.71 697 mm 
A5 ICP Accelerometer 519.89 380.7 697 mm 
A6 ICP Accelerometer 1283.45 380.7 697 mm 
A61 ICP Accelerometer 1768.9 583.51 -56.24 mm 
A8 ICP Accelerometer 928.65 226.71 626.7 mm 
A9 ICP Accelerometer 304.3 380.7 626.7 mm 
AF4 ICP Accelerometer 1896.7 380.7 769.31 mm 
A13 ICP Accelerometer 328.71 518.46 626.7 mm 
A16 ICP Accelerometer 928.65 226.71 384.2 mm 
A17 ICP Accelerometer 1371.1 380.7 384.2 mm 
A18 ICP Accelerometer 1150.05 518.46 384.2 mm 
A19 ICP Accelerometer 1371.1 380.7 301.2 mm 
A20 ICP Accelerometer 928.65 226.71 218.2 mm 
A21 ICP Accelerometer 988.65 226.71 218.2 mm 
A22 ICP Accelerometer 304.3 380.7 218.2 mm 
A24 ICP Accelerometer 1371.1 380.7 218.2 mm 
A25 ICP Accelerometer 1441.1 380.7 218.2 mm 
A26 ICP Accelerometer 202.43 593.43 218.2 mm 
AF5 ICP Accelerometer 1896.7 380.7 769.31 mm 
AF6 ICP Accelerometer 1896.7 284.73 715.14 mm 
A29 ICP Accelerometer 466.71 226.71 123.7 mm 
A30 ICP Accelerometer 466.71 226.71 123.7 mm 
A31 ICP Accelerometer 928.65 226.71 123.7 mm 
A32 ICP Accelerometer 1223.81 199.26 123.7 mm 
A33 ICP Accelerometer 1306.2 199.26 123.7 mm 
A34 ICP Accelerometer 1306.2 199.26 123.7 mm 
AF7 ICP Accelerometer 1870.2 284.73 230.33 mm 
A36 ICP Accelerometer 304.3 380.7 123.7 mm 
A37 ICP Accelerometer 384.3 427.4 123.7 mm 
A38 ICP Accelerometer 976.94 380.7 123.7 mm 
A39 ICP Accelerometer 1371.1 380.7 123.7 mm 
A40 ICP Accelerometer 1505.4 380.7 123.7 mm 
AF8 ICP Accelerometer 1870.2 380.7 122.91 mm 
A42 ICP Accelerometer 328.71 518.46 123.7 mm 
A43 ICP Accelerometer 640.09 518.46 123.76 mm 
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A44 ICP Accelerometer 737.99 518.46 123.76 mm 
A45 ICP Accelerometer 1150.05 518.46 123.7 mm 
A46 ICP Accelerometer 1384.41 514.51 123.7 mm 
A47 ICP Accelerometer 1433.74 514.51 123.7 mm 
AF9 ICP Accelerometer 1870.2 380.7 122.91 mm 
A49 ICP Accelerometer 414.21 226.71 -56.24 mm 
AF10 ICP Accelerometer 1870.2 380.7 122.91 mm 
A51 ICP Accelerometer 1358.7 199.26 -56.3 mm 
A52 ICP Accelerometer 980.7 380.7 -56.3 mm 
A53 ICP Accelerometer 980.7 380.7 -56.3 mm 
AF11 ICP Accelerometer 1870.2 284.73 122.91 mm 
A55 ICP Accelerometer 636.7 532.49 -56.24 mm 
A56 ICP Accelerometer 1478.51 514.51 -56.3 mm 
A57 ICP Accelerometer 1478.51 514.51 -56.3 mm 
AF12 ICP Accelerometer 1749.75 131.41 0 mm 
AF13 ICP Accelerometer 1543.16 131.41 -55 mm 
A60 ICP Accelerometer 127 614.4 124 mm 
A61 ICP Accelerometer 1012.4 353.4 124 mm 
AF14 ICP Accelerometer 955.82 131.41 -55 mm 
AF15 ICP Accelerometer -29.85 131.41 0 mm 
A62 ICP Accelerometer 176.89 626.75 -56.24 mm 
L13 Linear Potentiometer 980.65 380.7 -56.3 mm 
L9 Linear Potentiometer 780 512.4 -93.7 mm 
L2 Linear Potentiometer 565 147 -93.7 mm 
L11 Linear Potentiometer 414.21 226.71 -56.3 mm 
L3 Linear Potentiometer 620 143 -93.7 mm 
L4 Linear Potentiometer 837 236 -93.7 mm 
L6 Linear Potentiometer 226 384 -93.7 mm 
L5 Linear Potentiometer 1430 200 -93.7 mm 
L7 Linear Potentiometer 1098 377.4 -93.7 mm 
L8 Linear Potentiometer 388 1280 -93.7 mm 
L12 Linear Potentiometer 1358.7 199.26 -56.3 mm 
L15 Linear Potentiometer 1481.81 162.83 -56.3 mm 
L10 Linear Potentiometer 977 507.4 -93.7 mm 
L14 Linear Potentiometer 741.7 518.4 -56.3 mm 
L24 Linear Potentiometer 228.89 71.19 -56.3 mm 
L1 Linear Potentiometer 383 137 -93.7 mm 
TSS01-Ch0 Strain Gage 452.43 212.43 3.64 mm 
TSS01-Ch1 Strain Gage 452.43 212.43 116.64 mm 
TSS01-Ch2 Strain Gage 452.43 212.43 136.64 mm 
TSS01-Ch3 Strain Gage 452.43 212.43 156.64 mm 
190 
TSS01-Ch4 Strain Gage 452.43 212.43 216.64 mm 
TSS01-Ch5 Strain Gage 452.43 212.43 323.64 mm 
TSS01-Ch6 Strain Gage 481 212.43 3.64 mm 
TSS01-Ch7 Strain Gage 481 212.43 116.64 mm 
TSS02-Ch0 Strain Gage 481 212.43 136.64 mm 
TSS02-Ch1 Strain Gage 481 212.43 156.64 mm 
TSS02-Ch2 Strain Gage 481 212.43 216.64 mm 
TSS02-Ch3 Strain Gage 481 212.43 323.64 mm 
TSS02-Ch4 Strain Gage 452.43 241 3.64 mm 
TSS02-Ch5 Strain Gage 452.43 241 116.64 mm 
TSS02-Ch6 Strain Gage 452.43 241 136.64 mm 
TSS02-Ch7 Strain Gage 452.43 241 156.64 mm 
TSS03-Ch0 Strain Gage 452.43 241 216.64 mm 
TSS03-Ch1 Strain Gage 452.43 241 323.64 mm 
TSS03-Ch2 Strain Gage 481 241 3.64 mm 
TSS03-Ch3 Strain Gage 481 241 116.64 mm 
TSS03-Ch4 Strain Gage 481 241 136.64 mm 
TSS03-Ch5 Strain Gage 481 241 156.64 mm 
TSS03-Ch6 Strain Gage 481 241 216.64 mm 
TSS03-Ch7 Strain Gage 481 241 323.64 mm 
TSS10-Ch4 Strain Gage 1452.51 514.51 217.7 mm 
TSS10-Ch5 Strain Gage 1452.51 514.51 297.7 mm 
TSS10-Ch6 Strain Gage 1001.94 380.7 30.7 mm 
TSS10-Ch7 Strain Gage 1001.94 380.7 123.7 mm 
TSS11-Ch0 Strain Gage 1001.94 380.7 150.7 mm 
TSS11-Ch1 Strain Gage 1001.94 380.7 210.7 mm 
TSS11-Ch2 Strain Gage 1001.94 380.7 277.7 mm 
TSS11-Ch3 Strain Gage 1001.94 380.7 403.7 mm 
P9 Pore Pressure Transducer 1041.53 380.7 143.7 mm 
P10 Pore Pressure Transducer 687 560.4 143.7 mm 
P11 Pore Pressure Transducer 1535.34 514.34 143.7 mm 
TSS07-Ch1 Strain Gage 674.91 503.91 145.64 mm 
TSS07-Ch2 Strain Gage 674.91 503.91 195.64 mm 
TSS07-Ch3 Strain Gage 674.91 503.91 220.64 mm 
TSS07-Ch4 Strain Gage 674.91 503.91 270.64 mm 
TSS07-Ch5 Strain Gage 674.91 503.91 450.64 mm 
TSS07-Ch6 Strain Gage 703.49 503.91 3.64 mm 
TSS07-Ch7 Strain Gage 703.49 503.91 145.64 mm 
TSS08-Ch0 Strain Gage 703.49 503.91 195.64 mm 
TSS08-Ch1 Strain Gage 703.49 503.91 220.64 mm 
TSS08-Ch2 Strain Gage 703.49 503.91 270.64 mm 
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TSS08-Ch3 Strain Gage 703.49 532.49 450.64 mm 
TSS08-Ch4 Strain Gage 674.91 532.49 3.64 mm 
TSS08-Ch6 Strain Gage 674.91 532.49 195.64 mm 
TSS08-Ch7 Strain Gage 674.91 532.49 220.64 mm 
TSS09-Ch0 Strain Gage 674.91 532.49 270.64 mm 
TSS09-Ch1 Strain Gage 674.91 532.49 450.64 mm 
TSS09-Ch2 Strain Gage 703.49 532.49 3.64 mm 
TSS09-Ch3 Strain Gage 703.49 532.49 145.64 mm 
TSS09-Ch4 Strain Gage 703.49 532.49 195.64 mm 
TSS09-Ch5 Strain Gage 703.49 532.49 220.64 mm 
TSS09-Ch6 Strain Gage 703.49 532.49 270.64 mm 
TSS09-Ch7 Strain Gage 703.49 532.49 450.64 mm 
TSS10-Ch0 Strain Gage 1452.51 514.51 30.7 mm 
TSS10-Ch1 Strain Gage 1452.51 514.51 117.7 mm 
TSS10-Ch2 Strain Gage 1452.51 514.51 137.7 mm 
TSS10-Ch3 Strain Gage 1452.51 514.51 157.7 mm 
P1 Pore Pressure Transducer 824.02 226.65 673.7 mm 
A48 MEMS Accelerometer 414.21 212.43 -56.24 mm 
A50 MEMS Accelerometer 1358.59 199.08 -56.24 mm 
P4 Pore Pressure Transducer 824.02 226.65 301.2 mm 
A54 MEMS Accelerometer 636.7 503.91 -56.24 mm 
P6 Pore Pressure Transducer 606.21 270 143.7 mm 
P7 Pore Pressure Transducer 823.98 147 143.7 mm 
P8 Pore Pressure Transducer 1388.65 161.94 143.7 mm 
TSS04-Ch0 Strain Gage 1291.91 184.91 3.64 mm 
TSS04-Ch1 Strain Gage 1291.91 184.91 116.64 mm 
TSS04-Ch2 Strain Gage 1291.91 184.91 136.64 mm 
TSS04-Ch3 Strain Gage 1291.91 184.91 156.64 mm 
TSS04-Ch4 Strain Gage 1291.91 184.91 216.64 mm 
TSS04-Ch5 Strain Gage 1291.91 184.91 323.64 mm 
TSS04-Ch6 Strain Gage 1320.49 184.91 3.64 mm 
TSS04-Ch7 Strain Gage 1320.49 184.91 116.64 mm 
TSS05-Ch0 Strain Gage 1320.49 184.91 136.64 mm 
TSS05-Ch1 Strain Gage 1320.49 184.91 156.64 mm 
TSS05-Ch2 Strain Gage 1320.49 184.91 216.64 mm 
TSS05-Ch3 Strain Gage 1320.49 184.91 323.64 mm 
TSS05-Ch4 Strain Gage 1291.91 213.49 3.64 mm 
TSS05-Ch5 Strain Gage 1291.91 213.49 116.64 mm 
TSS05-Ch6 Strain Gage 1291.91 213.49 136.64 mm 
TSS05-Ch7 Strain Gage 1291.91 213.49 156.64 mm 
TSS06-Ch0 Strain Gage 1291.91 213.49 216.64 mm 
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TSS06-Ch1 Strain Gage 1291.91 213.49 323.64 mm 
TSS06-Ch2 Strain Gage 1320.49 213.49 3.64 mm 
TSS06-Ch3 Strain Gage 1320.49 213.49 116.64 mm 
TSS06-Ch4 Strain Gage 1320.49 213.49 136.64 mm 
TSS06-Ch5 Strain Gage 1320.49 213.49 156.64 mm 
TSS06-Ch6 Strain Gage 1320.49 213.49 216.64 mm 
TSS06-Ch7 Strain Gage 1320.49 213.49 323.64 mm 
 
